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ABSTRACT 
Remote sensing is the collection of information about an object from a distance without 
physically being in contact with it. The type of remote sensing of interest here is in the form 
of digital images of water bodies acquired by satellite. The advantage over traditional 
sampling techniques is that data can be gathered quickly over large ranges, and be available 
for immediate analysis. Remote sensing is a powerful technique for the monitoring of water 
bodies. To interpret the remotely sensed data, however, knowledge of the optical properties of 
the water constituents is needed. One of the most important of these is the volume scattering 
function, which describes the angular distribution of light scattered by a sample.  
This thesis presents the first measurements of volume scattering functions for Australian 
waters. Measurements were made on around 40 different samples taken from several locations 
in the Gippsland lakes and the Great Barrier Reef. The measurements were made by 
modifying an existing static light scattering spectrometer in order to accurately measure the 
volume scattering functions. The development of the apparatus, its calibration and 
automation, and the application of a complex series of post-acquisition data corrections, are 
all discussed. 
In order to extrapolate the data over the full angular range, the data was analysed using 
theoretical curves calculated for multi-modal size distributions using Mie light scattering 
theory applied to each data set. From the Mie fits the scattering and backscattering 
coefficients were calculated. These were compared with scattering coefficients measured 
using in situ sensors ac-9 and Hydroscat-6, and with values from the literature. The effect of 
chlorophyll a concentrations on the scattering coefficients was examined, and a brief 
investigation of the polarisation properties of the samples was also undertaken.  
Finally the angular effects on the relationship between the backscattering coefficient and the 
volume scattering function were investigated. This is important as in situ backscattering 
sensors often assume that measuring at a single fixed-angle is a good approximation for 
calculating the backscattering coefficient. This assumption is tested, and the optimal 
measurement angle determined. 
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CHAPTER 1: INTRODUCTION 
1.1 INTRODUCTION - REMOTE SENSING FOR MEASUREMENT OF 
PROPERTIES OF NATURAL WATER BODIES 
Natural waters, both fresh and saline, are a diverse mixture of dissolved and particulate 
matter. The constituents are both optically significant and highly variable in type and 
concentration. Consequently, the optical properties of natural waters seldom resemble those of 
pure water but show large temporal and spatial variations [1]. It is therefore possible to 
measure the optical properties using remote sensing, and use these measurements to estimate 
the type and concentration of the constituents. The information can then be used for detection 
and monitoring of water quality. 
Remote sensing is the collection of information about an object, using reflected or emitted 
electromagnetic irradiance (e.g. solar radiation), from a distance without physically being in 
contact with it. The information is usually expressed in the form of digital images acquired 
from satellites at several spectral bands which after processing can represent concentration of 
the optically active constituents. The advantages over traditional sampling techniques are that 
data can be gathered quickly over large spatial ranges, and be available for immediate 
analysis. This is important for Australia due to its large coastal area containing important 
marine regions, for example the world heritage listed Great Barrier Reef [1-3] part of which is 
shown in Figure 1 below. 
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Figure 1.1 MODIS images showing dark blue waters and coral around Heron Island in the 
Great Barrier Reef as well as shallow unsuspended mud in waters along the coast [4] 
Remote sensing has many applications; this thesis is concerned with aquatic colour 
measurements (often referred to as ocean colour, but as this thesis is also concerned with 
inland waters, the term aquatic is used). This refers to the spectral characteristics of the water 
reflectance, which is the ratio of the radiation leaving the water to the solar and sky radiation 
incident upon the water surface from above. 
In aquatic colour (A.C.) measurements the reflected signal measured is an apparent optical 
property (AOP). AOPs depend on the geometry of the light field along with the properties of 
the medium. An ideal AOP changes only slightly with down welling light field and external 
environmental changes, but the changes are significant enough to distinguish one water body 
from another. In reality AOPs cannot be directly measured in the laboratory on water samples 
since they depend on the ambient irradiance distribution found in the water itself which 
cannot be readily replicated [1]. 
Through the use of radiative transfer (R.T.) theory the AOPs can be related to the inherent 
optical properties (IOPs), the main ones of which are the absorption and scattering by diverse 
constituents in the medium such as phytoplankton (cyanobacterium and algae), detritus 
(organic non-living particles) and mineral particles. Through the use of accurate retrieval or 
inversion algorithms, IOPs can be used to determine the concentrations of these constituents 
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[1, 2, 5]. Other IOPs include the index of refraction, the beam attenuation coefficient and the 
single-scattering albedo. Results from the R.T. equations can be computed using numerical 
methods: Monte-Carlo, ray tracing, invariant imbedding methods, discrete coordinates 
solution methods and others. 
An example of an application is monitoring algal biomass from space. All phytoplankton 
contain the photosynthetic pigment chlorophyll a. This pigment is responsible for absorption 
in the blue and red part of the spectrum and can shift the A.C. from deep blue through to 
green and even brown with increasing concentration. Therefore, A.C. analysis can be used to 
derive chlorophyll a concentrations and hence can be used as a parameter for monitoring algal 
biomass. This is important in the biogeochemical carbon cycle since the level of CO2 in the 
atmosphere is vital for understanding the global environmental conditions, e.g. global 
warming. 
The signal detected by a satellite-borne sensor for A.C. purposes has three main contributions: 
the first is caused by the sun and ambient sky light scattered by aerosols and atmospheric 
molecules; the second is reflection at the atmosphere-water interface; and the third is the light 
scattered in the backwards hemisphere by particles in the water column. This third component 
carries information about the constituents in the water and is known as the water-leaving 
radiance. The water-leaving radiance is attenuated by absorption from marine particles (e.g. 
phytoplankton pigments, coloured dissolved organic matter etc.) and by its passage back 
through the atmosphere from the water surface to the sensor. 
The first satellite A.C. sensor was the Coastal Zone Color Scanner (CZCS) which was 
launched in 1978 by NASA (National Aeronautics and Space Administration) on the 
NIMBUS-7 platform for the purpose of collecting chlorophyll a concentrations in the ocean. 
The CZCS was operational until 1986 collecting data at 4 wavelengths in the visible band at 
433 nm, 520 nm, 550 nm and 670 nm along with one in the near-infrared at 700 nm and one 
in the infrared region for measuring sea-surface temperature. For more discussion including 
the selection of spectral bands see Marken and references therein [5]. 
After the launch of the CZCS it was realised that A.C. was a more complex problem than 
originally thought. In response to this, new sensors were developed with improved sensitivity 
including enhanced spatial and spectral resolution. The best known of these are the Sea-
viewing-Wide-Field-of-View-Sensor (SeaWIFS) launched by NASA in 1997 and the 
Moderate-Resolution Imaging Spectroradiometer (MODIS) also by NASA in 1999. More 
recent is the 15 spectral-band Medium Resolution Imaging Spectrometer (MERIS) sensor 
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launched by the ESA (European Space Agency) in 2002 on the EnviSat satellite. Each of the 
15 bands can potentially be programmable between 390 nm and 1040 nm by ground 
command [6]. 
The World’s aquatic areas can be split into two main water types: Case I and II. For Case I 
waters, where the concentration of phytoplankton is high compared to nonbiogenic particles 
(as in the open ocean), the optical properties are dominated by chlorophyll a and other 
biogenic pigments, although detritus and CDOM derived from phytoplankton also contribute. 
Therefore the optical properties are almost fully determined by the phytoplankton 
concentration. Approximately 98% of the world’s open ocean and coastal waters are Case I 
water and up until recently the majority of bio-optical research covered these waters [1, 5, 7]. 
For Case II waters, usually coastal, where organic and inorganic particles or CDOM from 
land run-off dominate, the optical properties of pigments are less significant relative to the 
total. Though they only make up around 2% of the world’s total ocean and coastal waters, 
they are disproportionately important to human interests such as recreation, fisheries and 
military operations, and therefore have begun to attract increasing scientific interest. Due to 
the complexity of Case II waters it is essential to measure the absorption and scattering in 
order to determine concentrations of constituents. This thesis deals mainly with Case II 
waters. 
 
1.2 BACKGROUND TO LIGHT SCATTERING THEORY 
1.2.1 Absorption 
Absorption is the reduction of the total irradiance entering the medium caused by the energy 
being converted into another form e.g. photons to phonons. Along with scattering this 
accounts for the total attenuation of all the incoming radiation caused by the water body [8]. 
Absorption is routinely measured in situ. Currently the most commonly used multi-spectral 
absorption sensor is the ac-9 (WETLabs) which takes measurements at 9 wavelengths: 412 
nm, 440 nm, 488 nm, 510 nm, 532 nm, 555 nm, 650 nm, 676 nm and 715 nm [9]. The ac-9 
has recently been superseded by the ac-s (also WETLabs) which has a spectral range from 
400 nm to 730 nm with 80+ spectral outputs [10]. 
As this thesis is concerned primarily with scattering behaviour, and absorption of natural 
waters has been more thoroughly examined, we will only briefly discuss the absorption 
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coefficient from here on. For an excellent overview of the techniques and measurements used 
in the study of the absorption of pure water and the constituents occurring in natural waters, 
see Mobley [1] and Marken [5] and references contained in these works. 
 
1.2.2 Scattering 
In depth theoretical treatments of scattering can be found in Bohren and Huffman [11], Kerker 
[12] and Mishchenko [13]. In addition, from an A.C. perspective, further information can be 
found in Morel [14] and Kirk [15]. A summary of the material relevant to this thesis is 
presented below, and the relevant theory is outlined in Chapter 2. 
Scattering occurs when electromagnetic radiation (light) interacts with matter; the oscillating 
electric field induces oscillations in the charges of the molecules and atoms in the material. 
These oscillating dipoles re-radiate secondary (scattered) radiation in all directions. In a 
certain direction at a distant observation point (the far field) the total scattered field is the 
superposition of all the emitted radiation from all the dipoles in the particle. When there is no 
change in wavelength between the incident and scattered radiation, it is known as elastic 
scattering. Any interaction which results in a change in the wavelength of the scattered light 
relative to the incident is known as inelastic scattering. 
The two most important inelastic processes in natural waters are fluorescence (by chlorophyll) 
and Raman scattering (by waters molecules). Both fluorescence and Raman scattering occur 
when a molecule absorbs an incident photon then emits a photon at a longer wavelength 
(fluorescence) or shorter wavelength (Raman scattering).  
Chlorophyll fluorescence occurs only in a narrow band (~25 nm) around 685 nm. In the work 
presented in this thesis the incident illuminating beam has a wavelength of 633 nm, so 
fluorescence is assumed to have little effect on the measured scattering data. In addition as 
only roughly one in ten photon scattered by water molecules is Raman-scattered to another 
wavelength, and as scattering from water molecules only makes up a small fraction of the 
total scattering (including the water constituents), the effects of Raman scattering are also 
considered small. Therefore, in the context of this thesis, inelastic scattering is considered to 
be negligible, and will not be discussed further. A thorough discussion can be found in 
Mobley [1]. 
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The scattering behaviour depends on the properties of the light as well as those of the 
particles. The main properties of the light are the state of polarisation and the wavelength. In a 
perfectly homogeneous and isotropic medium the scattered radiation from different scatterers 
in the medium interfere destructively, so that there is no net scattered radiation. In real 
materials density fluctuations and/or refractive index variations always lead to some 
scattering. The scattering properties of the particles are characterised by their sizes, shapes, 
orientation and refractive indices. 
For particles suspended in a homogeneous medium the total scattering is dominated by the 
scattering from the particles (e.g. phytoplankton, organic and inorganic particulate matter in 
natural waters), which in turn is determined by the complex interplay between the scatterers 
within the particles. 
There are several theoretical approaches, both analytic and numerical, to calculating scattering 
properties, the simplest of which is the Rayleigh-Gans-Debye (RGD) approximation 
(sometimes known as Rayleigh-Gans or Rayleigh-Debye). Bohren and Huffman [11] and 
Kerker [12] give good explanations behind the chronology of “who contributed what” to the 
theory.  
The physical basis of RGD scattering concerns a particle of arbitrary shape, subdivided into 
volume elements. Each element is considered as a Rayleigh scatterer excited by the incident 
field. The incident field is assumed to be unperturbed by the rest of the particles in the sample. 
This holds as long as the refractive indices of the medium and scatterer are comparable and 
the particle sizes are significantly smaller than the wavelength of the radiation used to 
illuminate them. 
In natural waters, using visible light (approximately 390 nm to 740 nm) as the illuminating 
source, this could only be said to be true for CDOM viruses and small non-living colloids. 
CDOM is defined as the filtrate passing through a specifically sized filter (usually around 220 
nm or sometimes 400 nm). CDOM is usually found in optically significant quantities in Case 
II waters, but is less relevant in Case I waters, compared with other optically active particles 
[1]. 
The advantages of the RGD approximation are that it is relatively simple and is solvable for a 
relatively larger number of simple geometric shapes. The major disadvantages are that the 
assumptions in the derivation require the particle size to be small and the ratio of the 
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refractive index of the particle to that of medium to be close to 1. Despite this it can be a good 
first approximation for scattering [11, 12]. 
Assuming a hyperbolic Particle Size Distribution (PSD), Stramski and Kiefer 1991 [16] found 
that less than 5% of the total scattering comes from particles less than 220 nm, though when 
considering backscattering their influence can be much larger. Due to the relative size of 
CDOM particles, the RGD approximation can be used to determine their scattering properties. 
Exact solutions to the scattering problem using Maxwell’s equations (which govern the 
properties of electromagnetic waves) have been achieved for only a few simple shapes, 
including homogenous and concentric spheres and infinite cylinders. These solutions are 
known collectively as Mie theory (or Lorenz-Mie theory). The equations are solved using the 
Helmholtz equations for a time-harmonic electric field by means of the separations of 
variables technique [5, 11, 17], and require the complex refractive index and some 
characteristic length (e.g. the radius for a sphere) as inputs. The primary disadvantages of Mie 
theory are that it is relatively complex, can only be evaluated numerically and can only be 
applied to specific shapes. However, it is the only theory which provides exact solutions.  
The relevant theory for RGD and Mie scattering is outlined in Chapter 2. Other numerical 
approaches to determine scattering properties (not used in this thesis) have been reviewed in 
detail by Mishchenko et al [18]. 
 
1.2.3 The radiative transfer problem 
The inversion1 of radiative transfer theory for natural water bodies requires knowledge of the 
absorption coefficient a and the backscattering coefficient bb, these are defined as the fraction 
of incident power that is absorbed or backscattered out of the incident beam per unit distance 
in the medium. Quantities also often used in the literature are the particulate absorption 
coefficient (ap) and particulate backscattering coefficient (bbp) which are derived in the same 
manor as a and bb, except that the contribution of the medium is subtracted and therefore only 
the contribution of the constituents (particulates) remains [1]. Since the focus of this thesis 
mainly concerns scattering, a and ap are not discussed further. 
                                                
1 Forward modeling uses the knowledge of the properties of the constituents to derive the scattering and 
absorption behaviour which leads to only one solution. Inverse modeling involves deriving the properties of the 
constituents from the scattering behaviour, which may lead to multiple solutions. This is one of the major 
challenges of light scattering methods. 
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bb is determined by integrating the spectral volume scattering function β(λ,θ) over the 
backward hemisphere (90◦ to 180◦) relative to the incident radiation. Integrating over the full 
sphere (0◦ to 180◦) gives the total scattering coefficient b. As only one wavelength is used 
here, for brevity β(λ,θ) will be expressed as β(θ).  
The volume scattering function β(θ) is defined as the angular scattered intensity per unit 
incident irradiance, per unit volume of water, and describes the angular distribution of the 
scattered light. β(θ) also can be defined as the differential scattering cross section per unit 
volume [1, 5]. 
Other scattering terminology used throughout this thesis (mathematical definitions of which 
can be found in Chapter 2) are: 
• the phase function which can be defined as the volume scattering function divided by 
the total scattering coefficient (β(λ,θ)/b)  
• the Stokes parameters which fully define the polarisation of any electromagnetic wave 
• the Mueller matrix which is a 4×4 matrix used to describe the relationship between the 
incident and transmitted Stokes parameters through an optical element (e.g. scattering 
particle), assuming single scattering. For a collection of particles, the total Mueller 
matrix is equal to the sum of the Mueller matrices of each of the particles, assuming 
that the size of the sample is kept small [11]. Used in this thesis are the S11 and S12 
matrix parameters: S11 describes the angular dependence of the scattered light with an 
unpolarised incident beam, which is equivalent to the phase function; and S12 defines 
the degree of linear polarisation of the beam [11, 19]. Several of the other parameters 
are defined in Chapter 2, Section 2.6. 
 
1.3 MEASUREMENT OF VOLUME SCATTERING FUNCTIONS 
The measurement of volume scattering functions and scattering coefficients has had a diverse 
and fragmented history. The most cited are β(θ) measurements by Petzold in 1972 [20] of 
coastal San Diego harbour water. In this work he also presented (less well cited) results from 
two other locations along the Californian coast and the Bahaman islands, as well as pure 
water which were similar in shape to the San Diego harbour measurements, but different in 
scattering magnitude. Petzold’s measurements were the first to measure both low forward 
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angles (<5◦) and backward angles, with measurements covering the range 0.0859◦ to 170◦ at 
approximately 510 nm. Petzold used a polynomial fit to interpolate between points and 
extrapolate to 0◦ and 180◦. This is significant since accurate calculation of scattering 
coefficients requires good coverage of the full angular range. Petzold found that around 15% 
of the total scattering is below 0.1◦ with 18% to 28% below 1◦ and 58% to 75% below 10◦. 
The majority of β(θ) measurements of natural waters were done in the 1960’s and 1970’s. 
Oishi [21] credits the in situ measurements in this period by Austin (1973) [22], Tucker 
(1973) [23] and Joyce et al (1976) [24]. Chami et al [25] further acknowledges the 
measurements of Morel (1973) [26] in this era. 
In 1961 Tyler [27] presented β(θ) measurements of two near pure water samples, one of 
which compared well with a previous study by Hulburt [28]. Tyler also presented 
measurements of coastal water off Los Angeles and San Diego coast, using the same 
equipment described by Tyler and Richardson [29], at 552 nm from 20◦ to 180◦. Tyler found 
that the samples appeared to become both more strongly absorbing, and more strongly 
scattering, as depth increased down to 20 m. In addition, further β(θ) measurements were 
presented of lake water from Lake Pend Oreille, on two separate dates, at 480 nm 
illumination, over the same angular range as above. The second set of measurements (the later 
date) were taken after a strong wind and exhibited increased scattering believed to be due to 
the wind carrying material from the shore. 
In 1963 Duntley [30] presented β(θ) measurements using a chromatically diffuse zirconium 
concentrated-arc lamp. The measurements were compared with several other previous studies 
of varying locations and wavelengths, both in situ and laboratory-based. It was found that 
though the different β(θ) measurements had similar forward scattering they differed 
significantly in backscattering. 
In 1968 Kullenberg [31] measured the β(θ) of Sargasso Sea water (in situ and laboratory-
based) at several wavelengths (460 nm, 633 nm and 655 nm) and angles from 1◦ to 165◦ using 
a variety of equipment. He found that, on comparing with other measurements, the ratio of 
scatterance at 45◦ to the total scattering varies within a narrow limit around 0.033. Oishi [21] 
further noted the later measurements by Kullenberg in the Baltic (1969) [32] and with Berg 
Olsen in the Mediterranean (1972) [33]. 
Since the 1970s, measurements of β(θ) for natural waters have been few. In 1981 Whitlock et 
al [34] conducted in situ and laboratory-based measurements of the β(θ) and absorption of 
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three turbid water samples from the Appomattox River (under different tidal flow conditions), 
and the Back River. Measurements were made at 14 angles between 0.374◦ and 155◦ at several 
wavelengths (450 nm, 500 nm, 550 nm, 600 nm, 650 nm, 700 nm, 750 nm and 800 nm). They 
concluded that reflectance did not vary linearly with the ratio of backscattering coefficient to 
the absorption coefficient (i.e. bb/a) but as a polynomial with bb/(a + bb) and that the results of 
different samples did not fit a single analytical relation. 
In 1982 Sugihara et al [35] conducted laboratory-based measurements of the β(θ) of various 
particles, at 5◦ increments from 20◦ to 150◦ and at 4 wavelengths (376 nm, 436 nm, 546 nm 
and 578 nm). Comparison of the ratio of scattering at 150◦, relative to that at 90◦, for coastal 
Japanese water displayed relatively strong backscattering compared to the measurements of 
Petzold and others. They found that chlorophyll played an insignificant role in the 
backscattering, by investigating scattering properties of chlorophyll rich crushed spinach 
leaves. They also investigated chlorella cultures, where the chlorophyll was removed from the 
cells and from these they found that the backscattering of the chlorella cultures, with and 
without chlorophyll, gave similar results. They thus concluded that cell shape and the biomass 
were more important to backscattering than chlorophyll content. Chlorophyll makes up 
around 3/1000 of the total biomass of algae [36]. 
In 1984 Voss and Fry [37] presented full Mueller matrix results for Oceanic water from the 
Gulf of Mexico, Pacific Ocean and Atlantic Ocean from 10◦ to 160◦ at 488 nm. They 
concluded that in general the Mueller matrix for Oceanic waters has one form, with all off-
diagonal elements except S12 and S21 being zero within experimental error indicating little 
effect due to optical activity and orientational anisotropy. They therefore concluded that one 
form can be used for the radiative transfer calculations to a fair degree of accuracy. 
In 2003 Lee and Lewis [38] presented a new instrument for measuring β(θ). The apparatus 
was used both in situ and for laboratory-based measurements over the angular range 0.6◦ to 
177◦. Initial measurements of North Atlantic water showed that only near the shore did the 
backscattering approached the values measured by Petzold for San Diego harbour water.  
Agrawal [39] in 2005 performed in situ near forward angle (0.1◦ to 20◦) scattering 
measurements on depth profiles using a LISST-100 instrument (Sequoia Scientific) at 670 
nm. He performed measurements at 2 m, 4 m, 6 m and 8 m depths in coastal New Jersey 
water, and found that the scattering did not agree with Petzold's results below 2 m. Agrawal 
calculated that for particles greater than 20 µm radius, angle measurements greater than 1◦ 
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exclude the first minimum in the volume scattering function and therefore calculations or 
measurements are needed at these angles. 
 
1.4 LABORATORY-BASED MEASUREMENTS OF THE VOLUME SCATTERING 
FUNCTION 
The majority of work in this area since the late 1970s has been in the measurement of algae 
cultures and to a lesser extent other natural water constituents. 
In 1978 Privoznik et al [40] measured the β(θ) of algal cultures of chlorella pyrenoidosa at 
632 nm from 7.2◦ to 172.8◦, at 3.6◦ increments, and extrapolated to 0◦ and 180◦ using an 
approximation for the phase function. They concluded that the algal size distribution was 
bimodal and that due to this, the phase function had a lack of fine structure. 
Morel and Bricaud in 1986 [41] measured the β(θ) of 3 phytoplankton cultures: paltymonas 
suecica; skeletonema costatum and emiliania huxeleyi between 25◦ and 155◦ at 546 nm and 
found some agreement with corresponding theoretical fits using Mie theory. 
In 1989 Quinby-Hunt et al [42] made laboratory-based β(θ) measurements of the 3 Mueller 
matrix elements (S11, S12 and S34) of chlorella cells, using a scanning polarisation-modulation 
nephelometer, from 5◦ to 165◦ at 442 nm, and compared their results with Mie theory 
calculations. They found that coated spheres with Gaussian distributions gave the best fit, 
rather than homogeneous spheres. 
In 1992 Lofftus et al [43] made laboratory-based measurements of the full Mueller matrix of 
immobilized cells of prorocentrum micans from 5◦ to 165◦ at 442 nm using a scanning 
polarisation-modulation nephelometer similar to that used by Quinby-Hunt et al [42]. They 
observed scattering behaviour not seen before for other marine particles, which could not be 
explained by Mie theory for homogeneous spheres. 
Krol et al (1992) [44] and Witkowski et al (1993) [45] presented laboratory-based 
measurements of the full Mueller matrix over the angular range 5◦ to 170◦ at 633 nm 
illumination. They studied unicellular chlorella vulgaris cultures in three states: alive; 
thermally and chemically modified; and mechanically modified. They found that the 
scattering matrix was non-symmetric.  
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In 1998 Voss et al [46] measured the β(θ) in situ of emiliania huxleyi cells and their coccoliths 
for three growth phases at six wavelengths (440 nm, 490 nm, 520 nm, 550 nm, 610 nm and 
670 nm) at 1◦ increments from 10◦ to 170◦ using the general angle scattering meter (GASM) 
that Petzold used. This was done by submersing the GASM in a tank of 0.2 µm filtered 
seawater and adding the culture aliquots. They showed that the contribution of plated cells to 
the optical properties can be greater than the sum of the coccoliths coating them, thus 
concluding that the scattering of coccolithophore blooms are sensitive to the ratio of free 
coccoliths to plated cells. 
Also in 1998 Volten et al [19] measured the β(θ) and the S12 element of the Mueller matrix for 
15 different phytoplankton species and two silt particles from 20◦ to 160◦, and found that only 
3 out of the 17 resembled Petzold’s San Diego harbour measurements.  
In 2002 Balch et al [47] investigated the effect of viral infections on the β(θ) of phytoplankton 
and bacteria cells using a Dawn Laser Light Scattering Photometer (Wyatt Technology) at 
514 nm. They found that viruses caused scattering function changes due to infection and lysis.  
In 2002 Zhang et al [48] conducted measurements (0.6◦ to 177◦) and theoretical studies of β(θ) 
for bubble populations, which showed elevated scattering between 60◦ and 80◦. They 
concluded bubbles may contribute only 5% to total scattering, but as much as 40% of the 
backscattering.  
In 2004 MacCullum et al [49] measured forward scattering (0.25◦ to 8◦) at 633 nm using a 
Fourier lens approach, on three unicellular algal species: isochrysis galbana; dunaliella 
primolecta and rinomonas reticulata. The results were found to agree well with Mie theory 
calculations of spheres and ellipsoids (within 10% root mean squared), assuming that the 
adjustment of the size parameter that they used was acceptable. 
Vaillancourt et al [50] also in 2004 presented laboratory-based measurements of β(θ) and 
other optical properties for 8 different phytoplankton species: hemiselmis virescens; 
amphidinium carterae; alexandrium tamarense; katodinium rotundatum; nannochloris 
atomus; prasinococcus provasolii; pycnococcus provasolii and pelagomonas calceolata for 15 
angles at 514 nm (perpendicular polarisation) using a Dawn EOS instrument (Wyatt 
Technology). They then used the Beardsley-Zaneveld function to extrapolate to 180◦. The β(θ) 
values had similar shapes to those of Witkowski et al [51] and Volten et al [19]. They made 
backscattering comparisons with HydroScat-6 measurements made several days earlier and 
found good agreement. They also found that the best agreement between Mie theory and their 
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experimental data was obtained with refractive indices between 1.05 and 1.15 for 
homogeneous spheres. These refractive index values were higher than previously published 
results for phytoplankton, and suggested that the homogeneous sphere model does not 
adequately reproduce the backscattering of plankton cells. 
Marken et al [5] (and papers therein) in 2005 presented β(θ) measurements of 14 different 
phytoplankton species typical for Norwegian coastal waters using a novel laboratory volume 
scattering meter (LABVSM) from 3◦ to 170◦ at three wavelengths (442 nm, 490 nm and 550 
nm). Large variations in the β(θ) of the different algal species were found.  
The studies summarised above show how varied the scattering behaviour of different water 
constituents can be. As water bodies contain multiple constituents the determination of overall 
scattering behaviour from the scattering properties of the constituents is a difficult task. The 
alternative approach is to characterise the scattering from the water bodies at different 
locations and under different conditions. This is the approach used in this thesis. 
 
1.5 MEASUREMENTS USING IN SITU FIXED-ANGLE SENSOR TO ESTIMATE 
BACKSCATTERING COEFFICIENTS 
Due to the practical difficulties associated with measurements of the volume scattering 
function β(θ) over the whole backward hemisphere, bb and bbp are currently derived using in 
situ fixed-angle backscattering sensors, using the mean value theorem, and applying a 
conversion factor for backscattering χ(θ) and particulate backscattering χp(θ) respectively [21, 
52-54]. The mean value theorem asserts that there is a point on a continuous function over a 
range that is equivalent to the integral over that range multiplied by some factor [55], i.e. there 
is an angle for which the β(θ), multiplied by either χ(θ) or χp(θ) gives bb or bbp respectively. 
The first in situ backscattering sensor is credited to Petterson in 1934 [56] by Højerslev [57]. 
The first in situ general angle scattering meters were developed in the 1950s and early 1960s, 
the first published results of which were by Tyler and Richardson [29] in 1958. In the 1980s 
SRI International [58] created the first fixed-angle backscattering sensor designed and 
calibrated for measuring the β(θ) of ocean water using infra-red LEDs as the light source. The 
first visible wavelength (using an incandescent lamp) fixed-angle backscattering sensor was 
developed in the late 1980s at the Johns Hopkins University Applied Physics Laboratory [59]. 
In 1991 the SRI International sensor was redesigned, taking advantage of advanced 
electronics and visible-wavelength LEDs, eventually leading to a five wavelength fixed-angle 
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backscattering sensor [60] that was incorporated into a remotely operated vehicle [61]. 
Further redesign followed eventually leading to the first commercially available HydroScat-6 
(HOBI Labs) [53], operating at 6 wavelengths (442 nm, 488 nm, 555 nm, 589 nm, 676 nm 
and 852 nm). WETLABS [10] also has its range of in situ backscattering sensors, the two 
most notable are the ECO VSF3 sensor which measures the scattering at 3 angles (100◦, 125◦ 
and 150◦) and at 3 wavelengths (470 nm, 532 nm and 650 nm) to approximate the β(θ), and 
the ECO BB-9 sensor which measures at the fixed angle of 117◦ (see below) at 9 wavelengths 
(412 nm, 440 nm, 488 nm, 510 nm, 532 nm, 595 nm, 660 nm, 676 nm and 715 nm). Further 
discussion of in situ scattering sensors can be found in Maffione and Dana [53]. 
In order to use fixed-angle scattering meters, which assume that a measurement at a single 
angle can be used to estimate the backscattering coefficient, a correction factor must be used 
(as mentioned above). The first significant research was by Oishi [21] in 1990 who 
determined that the best angle to use is 120◦. This analysis was based on Mie scattering 
calculations of marine particles using several common particle size distributions and historical 
β(θ) measurements. Following this, Maffione and Dana [53] in 1997 found that 140◦ gave the 
best comparison between the fixed-angle computed bb and the full range calculated bb. This 
analysis was based on theoretical Mie calculations, and comparison with Petzold’s data. In 
2001 Boss and Pegau [54] conducted similar research to Oishi also using Mie theory and β(θ) 
measurements on a coastal shelf off New Jersey. They determined that the best angle to 
calculate bbp without needing to subtract the backscattering coefficient of water bw, was close 
to Oishi’s calculations at 117◦. They recommended if measurements close to this angle were 
not possible it was best to first subtract the bbw before calculation of bbp. Chami et al [52] in 
2006 found agreement with Maffione and Dana, that 140◦ was the best angle for both non-
algal-bloom conditions from algal cultures commonly found in the ocean, and for in situ 
measurements in the Black sea at 555 nm. Although there is disagreement about the best 
angle, all of these studies conclude that the best range in which to calculate the bb from a 
fixed-angle instrument is between 90◦ and 160◦. 
 
1.6 SUMMARY OF THE WORK CARRIED OUT IN THIS THESIS   
The work to date leaves a number of questions unanswered. This thesis aims to answer some 
of these questions. The specific aims of this thesis are: 
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• to measure the optical properties of Australian waters at two environmentally 
significant locations: the Great Barrier Reef and the Gippsland Lakes. The volume 
scattering functions presented in this thesis are to the author’s knowledge the first such 
measurements for Australian waters, and perhaps the first in the Southern hemisphere. 
• to investigate methods of sample preservation for transport between sampling site and 
laboratory. The methods investigated were freezing the sample and thawing at time of 
experimentation or cooling the sample without freezing. 
• to design and construct a laboratory based instrument for accurate measurement of 
volume scattering functions, requiring in-depth analysis of correction of the data and 
implementation to correct for any experimental artifacts. This study was limited to the 
angular range 5◦ to 165◦. 
• to calculate the scattering and backscattering coefficients from the volume scattering 
function data. This required theoretical multi-modal Mie fits to extrapolate over the 
full angular range. Comparisons were made with Petzold’s volume scattering function 
measurements, as well as in situ scattering coefficients measured at the time the 
samples were collected. 
• to estimate the best angle at which to make backscattering coefficient measurements 
using in situ fixed-angle backscattering sensors, including comparison with other 
research. 
• to investigate the contribution of different particle sizes (used in the calculation of the 
multi-modal Mie fits) to the scattering and backscattering coefficients.  
 
1.7 THESIS OUTLINE 
Chapter 2 presents radiative transfer and light scattering theory relevant for this thesis, 
including discussion of Stokes parameters and Mueller matrices, along with methods to 
calculate light scattering properties via the Rayleigh-Gans-Debye approximation and Mie 
theory. It ends with theory associated with the calculation of the correction factor used to 
obtain backscattering coefficients from in situ fixed-angle backscattering sensors. 
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Chapter 3 discusses the experimental setup, including methods to reduce settling in the 
samples, and investigation of the procedures used to reduce the effects of degradation in the 
samples. 
Chapter 4 presents the data corrections used to reduce experimental uncertainties and correct 
for experimental artefacts. In addition, the theory underlying the calculation of the 
experimental uncertainties is presented. The chapter ends with a discussion of how the multi-
modal Mie fits were obtained, and what assumptions were made to apply them. 
Chapter 5 discusses the environmental problems facing the Gippsland Lakes then presents the 
measured volume scattering functions, and the corresponding multi-modal Mie fits, for 
samples obtained at 3 locations on 4 separate dates. Comparisons are made with Petzold’s 
measurements. This is followed by a discussion and results of the contribution to the total 
scattering and backscattering from the different particle sizes used in the multi-modal Mie 
fits, along with relative number of particles in the samples determined from the fits. The 
polarisation ratio as a function of angle for the different samples is then presented. This 
chapter continues with a discussion of the correction factors calculated for each sample, 
which are used to calculate backscattering ratios from fixed-angle backscattering sensors. 
Chapter 5 concludes with a brief four month time-series investigation of the samples. 
Chapter 6 begins with a discussion of the environment problems facing the Great Barrier Reef 
The chapter continues along the same lines as to Chapter 5, with a presentation of the results 
of volume scattering function measurements; multi-modal Mie fits; angular distribution of 
total scattering; particle size effects on total scattering and backscattering; polarisation ratio 
results; and correction factor values, for samples collected from 2 cruises at the Great Barrier 
Reef. This is followed by a comparison of the calculated scattering and backscattering 
coefficients from the laboratory-based measurements, with those measured in situ using the 
fixed-angle sensors (Hydroscat-6 and ac-9), at the same sample locations. The chapter 
continues with a discussion of the relationship between chlorophyll a content and the 
backscattering ratio, including comparison with 2 theoretical models. Finally this chapter ends 
with comparisons between the GBR and Gippsland measurements. 
Finally Chapter 7 presents the conclusions, and a discussion of possible future research 
directions. 
 
 
 17 
CHAPTER 2: THEORY 
As mentioned in Chapter 1, the bulk optical properties of water are divided into two classes: 
inherent and apparent. The AOPs depend on both the IOPs, (optical properties of the medium 
and its constituents), and the geometric structure of the ambient light field. For accurate use in 
radiative transfer applications the AOPs should display enough regular features and stability 
to be useful descriptors of the water body [62]. This chapter intends to present the theory used 
in the interpretation of the bulk optical properties, mainly concerning those relating to the 
scattering properties of the water constituents. 
 
2.1 RADIATIVE TRANSFER THEORY 
Radiative Transfer (R.T.) theory provides the connection between the IOPs and the AOPs. 
The physical environment of a water body (surface waves, bottom effects and incident 
irradiance of the sun and sky) enters the theory as boundary conditions necessary for solution 
of the equations. Any solutions require significant and reasonable approximations. More 
relevant information can be found in [1, 63]. 
One of the AOPs most commonly used for aquatic colour applications is the spectral 
irradiance reflectance. This is sometimes termed the irradiance ratio R(z,λ) and is defined as 
the ratio of upward (Eu(z)) and downward (Ed(z)) irradiances in the direction of the incident 
irradiance: 
.
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where z is the depth (positive in the downward direction i.e. into the water) and λ is the 
wavelength of the incident irradiance. This applies to horizontally homogenous water bodies. 
R(z,λ) is often evaluated in the water just below the surface at zero depth where z = 0- and 
eliminating the spectral component R(z,λ). This is referred to as R(0-). 
Another term in common use in remote sensing of water bodies is the spectral remote sensing 
reflectance Rrs, defined as 
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Here depth z = aa indicates the Rrs is evaluated using L and Ed in the air just above the water 
surface, and L is known as the water-leaving radiance. This is a measure of the amount of the 
downwelling light incident upon the water surface that is returned through the surface in the 
direction (θ,φ ) so that it can be detected by a radiometer situated just above the surface 
pointing down at the surface. 
Relationships between the remotely sensed AOPs and IOPs have been derived from R.T. 
theory with the use of assumptions guided by numerical simulations and experimental results. 
The advantage of these is that due to their relative simplicity they can be solved quickly. This 
is of importance in aquatic remote sensing where the model must be evaluated at each of the 
many pixels on the image. 
For example, it can be assumed that R(0-) should be proportional to the backscattering 
coefficient bb and inversely proportional to the absorption coefficient, therefore we can write 
a
b
  )R(0 b- α=  2.3 
where α is the anisotropy factor which depends on the radiance distribution (i.e. solar zenith 
angle, diffuse sky lighting, sea state, shape of the volume scattering function β(θ) etc.), a is 
the absorption coefficient and bb is the backscattering coefficient. Widely used is the 
approximation α = 0.33, which results from investigations by Gordon et al [64] and Morel and 
Prieur [7] for the sun at zenith and a flat homogenous water surface. Therefore Equation 2.3 
may read as follows (for these ideal conditions): 
.
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Numerical investigations by Kirk [65], using Petzold’s San Diego harbour values for β(θ) [20] 
and assuming a calm water surface, found the dependence of α on the solar angle to be: 
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where nw is the bulk refractive index or water (approximately 1.33 at 633 nm) and θs is the 
solar zenith angle. Therefore, Kirk’s calculation of α leads to a range from 0.35 to 0.56 
depending on solar zenith angle. 
More advanced relationships between the AOPs and IOPs can be found in [1, 63]. 
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Equations 2.3 to 2.5 all use bb and a, which are the sum of the contributions of N constituents, 
plus a constant coefficient for pure water i.e. 
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where aw and bbw are the absorption and backscattering coefficients of pure water, 
respectively, *ja and 
*
bjb are the specific absorption and backscattering coefficients of the j
th 
constituent with concentration cj, respectively. ap and bbp are known as the particulate 
absorption and backscattering coefficients, respectively. 
 
2.2 VOLUME SCATTERING FUNCTION 
From the discussion above, it is clear that one of the most important IOPs is the bb, which can 
be calculated from the volume scattering function β(θ) as follows 
( ) ( )∫ θθθβπ=
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where θ is the scattering angle relative to the incident beam. 
Also of interest are the total scattering coefficient, b, and the forward scattering coefficient, bf, 
which are also calculated from β(θ) in a similar fashion to equation 2.7 
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Another quantity which is often quoted is the backscattering ratio bb/b calculated thus 
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Following on from Equation 2.7 we can see that the overall β(θ) is the sum of the β(θ) for all 
the constituents in the water i.e. 
( ) ( ) ( ) ( ) ( ) ( ) ...             inorganicCDOMcolloidsphytow +θβ+θβ+θβ+θβ+θβ=θβ  2.11 
where βw(θ), βphyto(θ), βcolloids(θ), βCDOM(θ) and βinorganic(θ) are the β(θ) contributions of water, 
phytoplankton, small colloids, CDOM and inorganic particles respectively. These contributors 
can potentially be further split up e.g. βphyto(θ) includes the contributions of all the types of 
phytoplankton in the sample. Other contributors may also be present. 
β(θ) describes the normalised unpolarised angular distribution of light scattered by a sample 
with respect to the incident irradiance, or experimentally, the measured intensity as a function 
of angle normalised by the power of the incident beam 
( ) ( )
EdV
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θ
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where I(θ) is the measured unpolarised scattered intensity at angle θ, and E is the incident 
illuminating irradiance into a sample volume V [20].  
Since detectors (e.g. photomultipliers) respond to intensity rather than the rms (root mean 
squared) electric field of the light and the intensity is proportional to the electric field squared. 
The instantaneous intensity I is therefore defined as the rate of energy passing through a unit 
area perpendicular to the direction of propagation (i.e. Equation 2.13).  
2
0Ec  I ε=  2.13 
where c is the speed of light (approximately 3×108 m/s), E is the electric field and ε0 is the 
permittivity of free space (approximately 8.854×10-12 F/m) [66]. 
Therefore to understand the scattered intensity we need to understand the scattered electric 
field. 
 
2.3 THEORY OF LIGHT SCATTERING FROM PARTICLES 
The theory of light scattering by particles has been thoroughly presented in Bohren and 
Huffman [11] from which this section is summarised, or alternately Kerker [12] gives a good 
overview.  
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The scattering properties of an arbitrary particle are a function of the size, shape, refractive 
index and incident electromagnetic field illuminating the particle. The scattered field Es is a 
result of the incident (illuminating) field Ei acting upon the particle causing the internal 
particle field Eint. 
 
Ei interacts with dipoles in the particle inducing an electric dipole moment which oscillates at 
the frequency ω0. From electromagnetic theory it is known that oscillating dipoles produce 
radiation. The oscillating dipole moment caused by the incident electromagnetic radiation, re-
radiates the electromagnetic radiation, leading to scattering. 
Considering an arbitrary particle illuminated by a plane harmonic wave propagating in the +z 
direction, any point in the particle can be chosen as the origin O in Cartesian coordinates 
where x, y and z are all orthogonal with the basis vectors ex, ey and ez. The scattering direction 
er and the direction of propagation ez define the scattering plane. The scattering plane is 
determined by the azimuthal angle ,φ  except in the case where er is parallel to the z axis.  
It is convenient to convert the incident electric field Ei into the components parallel (E║) and 
perpendicular (E┴) to the scattering plane, since an unpolarised monochromatic wave can be 
expressed as the sum of two orthogonally polarised components (i.e. perpendicular and 
parallel linearly polarised; or left and right circularly polarised). Therefore 
( ) iii0ii eEeEeEeEE ⊥⊥ω⊥⊥ +=+= iit)-i(ikz0     e      2.13 
Scattered 
radiation Es 
Incident radiation Ei 
  Particle 
Backscattering 
Internal particle 
field Eint 
Forward scattering 
Figure 2.1 Geometry of light scattering by matter 
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where k = 2πnw/λ is the wave number in the medium surrounding the particle, nw is the 
refractive index of the medium (in this case pure water) and λ is the wavelength of the 
incident radiation in free space. The vectors e║i and e┴i are defined by 
yxi
yxi
eee
eee
φ+φ=
φφ=⊥
sin  cos  
cos - sin  
 2.14 
where 
zii eee     =×⊥  2.15 
also 
θφ⊥ θ+θ== eeeee rii cos  sin   ,-   2.16 
where φ  is the angle between ex and e║i (azimuthal angle), θ is the angle between ez and er 
(scattering angle). er, eθ and φe are the orthonormal basis vectors of the spherical coordinate 
system (r, θ, φ ), where θ and φ are the scattering and azimuthal angle, respectively. If we 
denote the x and y components of the incident electric field as Exi and Eyi, then 
.Ecos  Esin  E
Esin  Ecos  E
yixii
yixii
φ−φ=
φ+φ=
⊥
 2.17 
Assuming the far-field approximation (kr >> 1) i.e. the observer is sufficiently far away from 
the event being observed, the scattered electric field Es is approximately transverse (er•Es ≈ 0) 
and has the asymptotic form 
1kr    
ikr-
e
  
-kr
>>≈ AEs  2.18 
where er•A = 0. Therefore in the far-field approximation, the scattered electric field may be 
written as 
.    ,-    ,  
,    
rssss
sssss
eeeeeee
eEeEE
=×==
+=
⊥φ⊥θ
⊥⊥
 2.19 
The basis vectors e║s and e┴s are parallel and perpendicular to the scattering plane, 
respectively and are not the same as the basis vectors for Ei. 
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The relationship between the incident and scattered fields can be written in matrix form as 
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where the elements of the amplitude scattering matrix S depend in general on the scattering 
angle θ and the azimuthal angle .φ  To interpret the scattering matrix it is convenient to use 
Stokes parameters (discussed in the next section) 
 
2.4 STOKES PARAMETERS 
The Stokes parameters are used to describe the state of polarisation of a medium. The Stokes 
parameters can also be found for incompletely polarised and non-monochromatic irradiance, 
though due to their complexity, these will not be discussed in this thesis. For a more thorough 
description see Bohren and Huffman [11] or Voss and Fry [37]. 
The Stokes parameters I, Q, U and V are defined by 
)EE - Ei(E  I - I  V
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where E* is the complex conjugate of the complex electric field amplitude E,  I is the 
irradiance measured by a detector where there is no change in polarisation, Q is the difference 
measured between perpendicular and parallel linearly polarised irradiances, U is the 
difference measured between two orthogonal irradiances polarised π/4 (45◦) from either the 
perpendicular or parallel linear polarisation planes and V is the difference between the right 
(clock-wise) and left (counter clock-wise) circularly polarised irradiances. The Stokes 
parameters are thus related by 
.V   U Q  I 2222 ++=  2.22 
The Stokes parameters for any wave polarised linearly at an angle γ relative to a references 
direction in the transverse plane, are found from 
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and for circularly polarised 
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where the irradiance I is normalised to unity (i.e. 1). 
 
2.5 MUELLER MATRIX 
Considering the relationships in 2.21 and the scattering matrix from Equation 2.20. The 
relationship between the incident and the scattered Stokes parameters caused by a particle, is 
given by 
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The multiplicative exponential factor ei(r-z) has been omitted for clarity. 
The scattering matrix in Equation 2.25, known as the Mueller matrix, contains the maximum 
amount of information about scattering by any particle or multiple particles, where each 
element is an angle-dependent function of wavelength, particle size, shape, composition and 
number of scatterers (for multiple particles). A more thorough discussion can be found in 
Bohren and Huffman [11], Voss and Fry [37], and Hovenier and Mackowski [67]. 
The Stokes parameters of the light scattered by a collection of randomly separated particles, 
assuming single scattering, is equal to the sum of the Stokes parameters of the individual 
particles and therefore the scattering matrix for the collection of particles is equal to the sum 
of the scattering matrices of each of the particles, assuming that the size of the sample is small 
compared to the observation distance r. 
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For scattering by a single particle, the elements of the Mueller matrix can be related to the 
scattering matrix depicted in 2.20, where  
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For convenience the multiplicative factor (kr)-2 has been omitted and will not be shown again. 
S11 describes the angular dependence of the scattered light with unpolarised incident 
irradiance, which is also equal to the volume scattering function β(θ) and similar to the phase 
function p(θ) = β(θ)/b. 
 
2.6 SCATTERING FROM A HOMOGENEOUS ISOTROPIC SPHERE  
The simplest theoretical case, which will be used throughout this thesis, is that of a 
homogeneous isotropic sphere where the relationships between the Stokes parameters are 
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where 
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For incident light polarised perpendicular to the scattering plane, the Stokes parameters of the 
scattered light are 
( )
0  V  U
I-  Q
IS - S  I
ss
ss
i1211s
==
=
=
 2.30 
and the scattered irradiance per unit incident irradiance i┴ is 
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2
11211 ==⊥  2.31 
For incident light polarised parallel to the scattering plane, the Stokes parameters of the 
scattered light are 
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and the scattered irradiance per unit incident irradiance i║ is 
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The ratio of the polarisation of the Stokes parameters (used in Chapters 5 and 6 to investigate 
polarisation anomalies) is 
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 2.34 
If P is positive, the scattered light is partially polarised perpendicular to the scattering plane. If 
P is negative, the scattered light is partially polarised parallel to the scattering plane; the 
degree of polarisation is .P  Regardless of the properties of the sphere, P(0◦) = P(180◦) = 0. 
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With a sample composed of a collection of non-identical particles with different light 
scattering characteristics (as seen in natural waters), the incident linearly polarised light will 
then be depolarised upon scattering.  
As a unique condition for spherical particles, the light scattered in the forward direction (er = 
ez) is impossible to differentiate from the incident light, so the detector will measure the 
superposition of both, no matter how small the solid angle ∆Ω. Therefore, measurements at or 
very near 0◦ in the scattering plane relative to the direction of the incident beam contain no 
information about the scattering properties of the particles under investigation. 
In addition, due to experimental constraints it is difficult to measure the β(θ) over the full 
angular range, therefore theoretical models are deployed to fill in the gaps. There are several 
such methods; the two used in this thesis are the Rayleigh-Gans-Debye approximation and 
Mie theory.  The following sections will give a brief discussion of the theory behind each of 
them. 
 
2.7 RAYLEIGH-GANS-DEBYE APPROXIMATION 
For particles much smaller than the wavelength (or wavelengths) being used to illuminate 
them, the easiest method to model the scattering properties of the particles is by using 
Rayleigh-Gans-Debye (RGD) scattering. RGD scattering can be used to simulate the 
scattering by several different geometric shapes, including spheres, coils, cylinders, disks, 
ellipsoids, cubes etc (the phase functions of which are listed in Appendix 1).  
RGD theory is based on subdividing each particle into volume elements, treating each point in 
the particle as a Rayleigh scatterer excited by an incident field which is assumed to be 
unperturbed by the rest of the particles. For more information see Kerker [12]. 
The fundamental approximation of RGD theory is that the phase shift corresponding to any 
point in the particle is negligible, i.e. 
( ) 1  1 - m2kaL <<  2.35 
where aL is the longest dimension through the particle and m is the relative refractive index 
(the refractive index of the particle relative to that of the solvent).  
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Provided m is real, with the incident irradiance polarised perpendicular to the scattering plane, 
the scattered intensity is 
( ) ( )θ
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and for the incident irradiance polarised parallel to the scattering plane, the scattered intensity 
is 
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where V is the volume of the particle and p(θ) is the phase function (sometimes known as the 
form factor) and assuming that there is no depolarisation of the scattered radiation.  
From Equation 2.37 it can be seen that for incident irradiance polarised parallel to the 
scattering plane there is no scattering at θ  = 90◦ since cos(90◦) = 0. 
As discussed previously, by taking two measurements with orthogonally polarised incident 
irradiance with respect to the scattering plane, the total scattered intensity IT of an unpolarised 
incident beam can be calculated by the average of the two scattered intensities, i.e. 
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The phase function p(θ) can be expressed as 
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where δ is the phase of each of the scattered waves and is equal to 
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In the simplest case, for a homogenous sphere with a radius a, the phase function can be 
evaluated as 
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where n is the real part of the refractive index, here aL is the radius, λ is the wavelength and 
J3/2(u) represents the Bessel function of order three-halves.  
More algorithms for calculating phase functions for other simple geometric shapes can be 
found in Appendix 1 along with Matlab programs in Appendix 2 created for their calculation 
by the Author.  
As mentioned previously, RGD scattering is an approximate theory and has some limitations. 
First, it is limited to the case of relatively simply shaped particles, i.e. spheres, shells, infinite 
cylinders etc. Second, it assumes that there is no significant intensity reduction (i.e. 
absorption) in the particle, nor is there any appreciable alteration of the wavelength, nor 
depolarisation of the incident radiation due to the presence of the particle. In any real 
suspension all of these conditions occur.  
The most important limitation of RGD theory for the purposes of this thesis however, is that 
the approximation is limited to the case where the refractive indices of the solvent and 
scatterer are comparable and the particle size is small [12]. 
Despite all these negatives, RGD scattering can still be a good first approximation for 
determining the average particle size and requires no relatively complex calculations. For the 
smaller constituents in natural waters it may be sufficient. It is also handy to make RGD 
calculations as a zeroth order approximation of the particle size and refractive index, before 
applying more complicated Mie calculations. 
 
2.8 MIE THEORY 
In this thesis Mie theory, or more accurately the Mie solution to Maxwell’s equations, is used 
to simulate the β(θ) to fit the experimental measurements, assuming homogeneous spherical 
particles in an isotropic medium. While some simple non-spherical particles can be 
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represented by Mie theory, they introduce another level of complexity which is not warranted 
by the relatively low information content of the scattering data. A discussion of Mie theory 
for non-spherical particles can be found in Mishchenko et al [18].  
For Mie theory the electromagnetic field both inside a spherical particle and in the medium 
(i.e. water) can be found by solving Maxwell’s equations with the boundary conditions of the 
sphere, which is treated as a dielectric, by expanding a plane wave in spherical harmonics as 
an infinite series. The solution of which is exact for all sphere sizes, refractive indices and 
illuminating wavelengths. However, although it is exact, it is not analytic, and must be solved 
numerically for all cases. Finding the solution is a lengthy and complicated mathematical 
exercise and will not be presented here - Bohren and Huffman, Chapter 4 [11] gives a good 
account. 
 
2.9 FIXED-ANGLE BACKSCATTERING SENSORS 
Several measuring devices use a single angle estimation of the volume scattering function 
β(θ) in order to calculate bb. The use of a fixed-angle sensor to calculate bb can be justified 
using the mean value theorem, which asserts that there is a point on any continuous function 
that when multiplied by the interval is equal to the definite integral of the function [55]. 
Since bb is calculated using β(θ) from Equation 2.7, it can be therefore shown that 
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where θm is the angle at which β(θm) is the average value of β(θ) and depends only on the 
shape of β(θ) in the backward direction. Generally a properly calibrated fixed-angle bb sensor 
will not measure at θm no matter how the sensor is designed. Therefore it is necessary to 
define the ratio  
( ) ( ) ( )χθβ
θβ=θχ m   2.44 
where θχ is the nominal angle at which the sensor measures β(θ). Thus 
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( ) ( ).  2  bb χθβθπχ=  2.45 
More theory on fixed-angle backscattering measurements can be found in Oishi [21], 
Maffione and Dana [53], Boss and Pegau [54]  and Chami et al [52]. 
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CHAPTER 3: EXPERIMENTAL METHOD AND DATA ANALYSIS 
3.1 EXPERIMENTAL METHOD 
An existing static light scattering spectrometer (see Figure 3.1) (built in-house) has been 
modified to make the β(θ) measurements presented below. The spectrometer setup consists of 
a 633 nm laser which passes through 2 alignment mirrors situated approximately 6cm from a 
polarisation rotator which is 76 cm from the centre of the index matching vat, approximately 
5cm in diameter. The sample cell is 2.5 cm in diameter and 15 cm high, and is placed in the 
centre of the index matching vat. The scattered light is measured by a photomultiplier situated 
50.5 cm from the vat wall, with single photon resolution, situated on a goniometer arm at an 
angle θ relative to the transmitted light. In order to ensure that the light incident on the 
photomultiplier is limited to the light scattered from the centre of the sample, the light passes 
through two pinholes. The first pin-hole (iris diaphragm) is approximately 0.464 cm in 
diameter and is 25 cm from the photomultiplier. The second pin-hole is 0.01 cm in diameter 
and is at the front of the photomultiplier. Extraneous light is kept out using a cardboard light-
tight tube between the first pinhole and the photomultiplier. A percentage of the incoming 
beam reflects off the outside surface of the vat wall, and can lead to multiple reflections 
entering the sample. In order to reduce such reflections a mirror was slightly offset from the 
incoming beam about 9 cm from the vat wall to redirect the stray light and avoid further 
scattering. 
 
Figure 3.1 Light scattering spectrometer 
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The signal from the photomultiplier goes through a pre-amplifier then into an Electron Tubes 
CT2 counter/timer module. From this it travels to the computer. A stepper motor was used to 
drive a goniometer arm which the photomultiplier (detector) and the 2 pinholes were attached 
to. 
A Matlab program was written to automate the data collection process (see Appendix 3) which 
obtains 50 one-second measurements at each angle. After each measurement the program 
drove the goniometer arm to the next angle (5◦ to 170◦ at 5◦ increments) and began the data 
collection process again. Once the range was complete the program drove the goniometer 
back to 45◦ and made one last measurement in order to check that not too much settling of 
particles in the sample had occurred and also to ensure that a significant number bubbles did 
not form. 
In order to align the polarisation rotator the detector was set at an angle of 90◦ with a real time 
counter connected and a test sample containing highly scattering colloidal polystyrene beads. 
The scattered intensity was monitored as the polarisation rotator was rotated until a minimum 
in the scattered intensity was reached, which according to scattering theory should be when 
the incident beam is completely parallel polarised relative to the scattering plane. To set 
perpendicular polarisation the polarisation rotator was then rotated 90◦.  
These calibrations were carried out using standard samples consisting of (nominally) 1070 nm 
radius polystyrene spheres (Bangs laboratories, PS04N/6053) suspended in 220 nm filtered 
Milli-Q water. 
An important instrumental issue is that samples in the laboratory are static, whereas water in 
lakes and other water bodies is continuously mixed by currents and convection. Thus samples 
taken from the water body may contain large particles which settle over time if not stirred. In 
order to ensure that the measurements were representative of the constituents of the water 
column, a magnetic flea was placed in the sample tube, and all measurements were made with 
a magnetic stirrer running at low speed2.  
In order to determine an appropriate speed for the magnetic stirrer that would reduce settling 
while not create bubbles, the detector was set at 45◦ with a real time counter connected and a 
sample of natural water (taken from the Yarra River in Melbourne). The scattered intensity 
                                                
2 Two other methods were trialed to reduce settling: pumping the sample around a circuit using a peristaltic 
pump; and using a mechanical stirrer in the sample. It was found that the magnetic stirrer was the simplest and 
most effective method. This work was carried out as part of my honours thesis 68. T.A. O'Bree, Light 
Scattering by Natural Waters. Honours thesis, in Applied Physics. 2002, RMIT University: Melbourne.. 
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was monitored over time with the speed of the magnetic stirrer gradually increased until the 
scattered intensity remained constant. The intensity was further monitored to check for any 
increase caused by bubbles. After an extensive series of experiments, an optimal speed was 
found which was well below the threshold where bubbles started to form, but ensured that 
settling was significantly reduced3.  
 
3.2 SAMPLE COLLECTION AND PRESERVATION 
Each complete measurement on a sample consists of 50 independent, 1 second measurements 
at each angle, taken at 5◦ increments between 5◦ and 170◦, in both planes of polarisation. This 
takes approximately 2 hours. This protocol was adopted following initial testing, as it 
provided a good compromise between fast acquisition times, and high accuracy. Typically 
samples are taken from a number of sites in a remote location, and must be transported back 
to the laboratory, and each measured. Thus it can be several days before a sample can be 
measured. Due to the samples containing living organisms, degradation is a significant 
concern, therefore it was necessary to test if freezing (then thawing at the time of 
experimentation) or cooling (without freezing) the samples would affect their light scattering 
properties. 
 
3.2.1 Results 
On two separate field trips to Gippsland Lakes, multiple samples were taken at a number of 
sites. One of these samples was either frozen (with freezer temperature around -2◦C) or cooled 
(with refrigerator temperature around 7.5◦C), and one was measured fresh within 2 days. Due 
to the need to measure a large number of the fresh samples quickly, they were only measured 
in the parallel polarised planes since this contains more detail than the perpendicular plane. 
The cooled and frozen samples were then measured at different times, to compare with the 
fresh samples. 
The measurements taken from the first field trip were not taken on a fully calibrated 
instrument, so the absolute results cannot be used. However, as we are only interested in 
                                                
3 It may have been advantageous to measure at an angle in the backwards hemisphere, since bubbles have 
relatively strong backscattering. However, there would be a reduction in the scattered intensity, making it 
difficult to determine the settling rate. An improve optimisation protocol might involve two separate 
measurements, one in the forward angles for monitoring the settling, and another in the backward angles to 
monitor bubble formation. 
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determining if there are any differences between the I(θ) for each sample of the fresh, frozen 
and cooled samples, this is not important. Note that in these measurements the laser used was 
a green diode-pumped solid state laser (wavelength 532 nm), different from the one used in 
the rest of the experiments. The second less extensive series of measurements were carried out 
on the fully calibrated instrument (see 3.1 Experimental Method Section). 
Note that in Figure 3.2, Figure 3.3 and Figure 3.4 presented below the intensities of the 
different samples are offset by factors of 10 to allow better comparison between samples - 
only the shapes of the curves between the different states of each sample are of interest. 
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Figure 3.2 Comparison between fresh and previously frozen I(θ)║ values 
 
Figure 3.2 shows a comparison between fresh and frozen samples from several sites. It can be 
seen that the fresh and frozen I(θ)║ measurements have similar shapes though in almost all 
cases the intensities of the frozen I(θ)║ are slightly lower than those of the fresh. Also, in 
general, the uncertainties, estimated from the standard error (see Chapter 4, Section 4.4), of 
the frozen I(θ)║s are approximately 1.3 times greater than those of fresh I(θ)║ values. 
Figure 3.3 illustrates the comparison between fresh and cooled I(θ)║ values. Similar to the 
previously frozen samples, the curves all have similar shapes though in some cases the 
intensities of the cooled I(θ)║ measurements are slightly less than those of the fresh. Also, in 
general, the uncertainties of the cooled I(θ)║ are approximately 4.2 times greater than those of 
fresh I(θ)║values. 
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Figure 3.3 Comparison between fresh and cooled I(θ)║ values 
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Figure 3.4 Comparison between fresh, cooled and previously frozen I(θ)║ values 
Figure 3.4 shows comparisons between two sites where all three protocols (fresh, cooled and 
frozen) were studied. It can be seen that the fresh, cooled and frozen I(θ)║ values have shapes 
that are similar within the experimental uncertainties. In general, the uncertainties of the 
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cooled and frozen I(θ)║ measurements are greater than those of fresh I(θ)║ measurements. 
Similar to the data presented in Figure 3.2 and Figure 3.3 the uncertainties of the frozen I(θ)║ 
values are 1.3 times greater and the cooled I(θ)║ values are 4.3 times greater than those of the 
fresh I(θ)║ values. 
 
3.2.2 Discussion and Conclusions 
In general, cooling the samples for up to one week results in a significant increase in the 
uncertainties with an increase of approximately 300% whereas freezing for the same period 
has a lesser effect on the uncertainties with an increase of around 30%. 
The fact that the uncertainties are larger for these samples probably reflects the fact that the 
samples have an increased level of biological detritus – increasing the effective polydispersity 
of the samples, and increasing the likelihood that different distributions of particles are 
illuminated during individual short measurements. This result is probably not surprising, as 
both cooling and freezing can lead to damage to biological organisms. In addition, keeping 
the samples cooled for a week or more allows time for a range of biological processes. Any 
damage to biological cells reduces the number of larger particles (thus reducing the overall 
scattering) and increases the number of smaller particles (which tends to flatten the scattering 
curves and to lead to an increase in the uncertainties due to a lower level of signal being 
detected and therefore an increase in the noise to signal ratio). 
However, the differences in the scattering observed are very small; suggesting that for these 
samples cooling or freezing may be an acceptable experimental protocol, with freezing being 
better than cooling. Though the significant increase in the experimental uncertainties, when 
compared with the fresh samples, suggests care would need to be taken. 
From Figure 3.2, Figure 3.3 and Figure 3.4 it can be seen that the intensities often approach 
zero in the middle of the angular range (70◦-110◦). This is to be expected, as these 
measurements were made in the parallel plane of polarisation. In theory, the intensities should 
be exactly zero at 90◦ for unpolarised scattering. So in this region the error bars are larger than 
elsewhere. It is assumed that the results presented from the first field trip to the Gippsland 
Lakes did not show this due to the incoming beam not being completely parallel polarised. 
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CHAPTER 4: DATA ANALYSIS AND CORRECTIONS 
Light scattering measurement is a powerful tool, and various forms of light scattering are used 
in a wide range of research in physics, chemistry and biology. However, it is a difficult 
technique, and a significant amount of processing must take place in order to eliminate 
experimental artefacts, and to ensure that the results are reliable. In this section the data 
processing and analysis used in this paper are discussed. Example data is used to illustrate the 
effects of each step on the data. All calibrations were carried out using standard samples 
consisting of (nominally) 1070 nm radius polystyrene spheres (Bangs laboratories, 
PS04N/6053) suspended in 220 nm filtered Milli-Q water. The radius was found to be 1158 
nm with 5% polydispersity using a Gaussian particle size distribution after careful comparison 
between theory and experiment. The theoretical curve is calculated exactly using Mie theory 
(see 4.5 Mie fits to experimental data section).  
A Matlab program (see Appendix 4) was written to carry out the correction mentioned below 
for each sample measurement. 
 
4.1 CORRECTIONS 
4.1.1 Unpolarised volume scattering functions 
In order to retrieve β(θ) (which is for unpolarised light) it is possible to average the parallel 
(I(θ)║) and perpendicular (I(θ)┴) measured intensities as a function of angle, since the average 
of two orthogonal linearly polarised beams gives the unpolarised beam i.e. 
( )
( ) ( )( )
.
2
I  I 
 
θ+θ
≈θβ ⊥  4.1 
Therefore each measurement was taken in two orthogonal planes of polarisation and averaged 
to get the unpolarised intensity I(θ), which ultimately leads to β(θ). The resulting uncertainty in 
β(θ) is the average of the uncertainties associated with I(θ)║ and I(θ)┴ due to being divided by 
2. 
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4.1.2 Dark count and background noise 
The dark count noise, due to the thermal emission of electrons, is the count measured by the 
photomultiplier when it is not illuminated. The background noise is the intensity measured by 
the detector from all extraneous light sources combined with that created by electronic noise. 
To correct for both these effects, the photon count was measured over the full experimental 
angular range under the same conditions as a normal measurement, except that the laser was 
turned off. The total background (including dark count) was found to be equivalent at all 
angles. This value was subtracted from all subsequent measurements.  
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Figure 4.1 Measurements of the standard sample showing the raw data and the effect of 
background correction on the β(θ) for a known sample (see beginning of chapter). The 
theoretical calculation is shown for comparison 
From Figure 4.1 it can be shown that subtracting the background from the raw data gives 
slightly better agreement with the theoretical curve at the central angles. At higher and lower 
angles the intensity is greater and therefore subtracting the constant background has a lesser 
effect.  
Note: the background correction does not correct for stray light from the laser or light 
scattered from the suspending liquid (i.e. water). 
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4.1.3 Scattering volume correction 
With static light scattering measurements, the scattered intensity measured by the detector is 
proportional to the volume that the beam occupies in the sample, known as the scattering 
volume. As the scattering angle of the detector θ relative to the direction of the illuminating 
beam changes, the scattering volume also changes, as illustrated schematically in Figure 4.2. 
The proportionality is equivalent to 1/sin(θ) over most of the angular range. To correct for this 
the measured intensity is multiplied by sin (θ) [11]. 
For a sample which scatters uniformly at all angles, the measured intensity is a minimum at 
90◦ (as the scattering volume is at a minimum), and increases at angles on either side. The 
range of angular acceptance is determined by the geometry of the apparatus and is unique to 
each setup. The sine correction is valid within the range where the detection area is not wider 
than the path length of the beam in the sample (see Figure 4.3); outside this the scattering 
volume is constant. 
Detector 
Scattering 
volume 
Laser beam 
Sample in vat 
θ = 90° 
θ > 90° 
Figure 4.2 Scattering volume change with detection angle  
 41 
  
The angular range at which the sine correction applies is that within which the width of the 
solid angle of the detector only sees the beam inside the sample, outside this the correction 
was assumed to be constant. Included in the calculation of the acceptance angle were the 
effects caused by refractive index changes of the index matching vat and the sample itself 
(this was assumed to be that of pure water 1.33 at 633 nm).  
A Matlab program was written (see Appendix 4) to calculate the angular acceptance range for 
varying experimental setups, considering that the configuration of the equipment did not alter 
and only the pin-hole widths and distance between components did. 
within angular 
acceptance 
 outside angular 
acceptance 
Detector 
Sample vat 
Laser 
beam 
Scattering 
volume 
Figure 4.3 Range of angular acceptance 
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Figure 4.4 Comparison between sine correction and acceptance angle scattering volume 
correction 
Figure 4.4 shows the comparison between the sine correction and the acceptance angle 
correction. From Figure 4.5 the comparison between the two different approaches when 
applied to scattering from the known sample is shown. Both versions provide better 
agreement with the theory than just using a background correction; however at the lower 
angles the acceptance angle correction is closer to the theoretical calculation than the sine 
correction, which causes a spurious drop in intensity at low angles (less than 20◦ sine 
correction curve). The acceptance angle correction was therefore used for all results presented 
here. 
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Figure 4.5 Comparison between background corrected, sine corrected and acceptance angle 
corrected β(θ) 
 
4.1.4 Dust rejection 
A common problem with light scattering measurements is the presence of contamination of 
the sample (i.e. airborne particles, dust etc.). Such particles can be large compared with the 
particles being measured, with typical airborne dust particles ranging from 1 nm to 30,000 nm 
[69]. The larger of these will therefore scatter strongly causing an intensity spike which can 
last for several consecutive measurements or over several angular measurements, thus 
misrepresenting the scattering properties of the bulk. A single large dust particle can scatter 
more than the scattering from the sample. Since dust is mobile, its contribution varies from 
one measurement to the next and therefore needs to be corrected for. 
As filtering to remove dust is not an option for these samples, a dust rejection algorithm was 
used to minimize the effect of dust on the measured β(θ). To achieve this, 50 one-second 
measurements were taken at each angle, and any measurements that were greater than 4 
standard deviations from the mean were rejected.  
Originally the cut-off was 2 standard deviations, but this was found to cut off a significant 
number of possibly valid measurements. This is why 50 measurements were used instead of just 
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increasing the length of a single measurement, since a sufficient number is needed to reliably 
estimate the uncertainties using the standard error approach (see Section 4.4).  
The 4 standard deviation cut-off was found through analysis of multiple measurements where it 
was found that rarely (less than one in 10 thousand) would a measurement be detected that was 
several times greater than the mean. It was found that most of the extreme measurements were 
above, usually well above, four standard deviations of the mean, and anything less than this 
caused no significant increase in the mean. In general, dust rejection had little effect except on 
rare occasions. 
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Figure 4.6 Effect of the dust rejection on β(θ) 
No measurements were rejected in the sample shown in Figure 4.6, which is representative of 
the majority of measurements. This result also confirms that the sample had no significant 
amount of contamination.  
 
4.1.5 Reflection correction 
One of the major problems with static light scattering is reflections (i.e. sample cell, vat walls 
etc) being measured by the detector.  
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Figure 4.7 Schematic of reflections 
In order to correct for this, assuming the reflected beam is not scattered again, the mean 
intensity of each measurement was adjusted using the mean of the measurement mirrored 
around θ = 90◦ i.e. 180◦-θ (see Figure 4.7) multiplied by a reflection coefficient Rcoef (= 
0.0184). Due to symmetry of the scattered light, the intensity at any angle α is equal to the 
intensity at 360◦ - α, therefore (assuming the reflected light is reflected at 180◦) the reflection 
corrected intensity is given by 
( ) ( ) )-(180IR - I  I meascoefmeascorr θ⋅θ=θ  4.2 
where Imeas(θ) is the measured intensity, and Imeas(180-θ) is the measured intensity mirrored 
about θ = 90◦. Rcoef was found empirically by varying its value until the difference between 
measured and theoretical I(θ) values were minimised for the known sample.  
The results are illustrated in Figure 4.8. The correction is greatest at the higher angles (greater 
than 135◦), as the intensity is higher at the lower angles (e.g. 180◦-135◦ = 45◦), and therefore a 
relatively greater value needs to be subtracted from the data at higher angles. Figure 4.8 also 
Scattered 
beam 
α 
α 
Detector 
Initial beam 
Transmitted beam 
Scattered 
beam 
Reflected beam 
i.e. Imeas(180-θ) 
Vat wall 
Scattered 
beam 
Sample cell 
wall 
Reflection 
event 
Measured beam 
i.e. Imeas(θ) 
 46 
shows that the effect of the reflection correction is insignificant at angles less than 135◦ for the 
known sample. 
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Figure 4.8 Effects of the reflection correction 
No reflection correction could be made for those intensities measured at 5◦ and 10◦ since 
measurements were not taken at 175◦ and the measurements taken at 170◦ were rejected due to 
the size of the uncertainties involved, which were greater than the measured intensity. However, 
this does not pose a significant problem since 5◦ and 10◦ are where the intensities are the greatest 
and therefore the reflection correction would be the least significant. In addition at 90◦, Imeas(θ) 
is the same as Imeas(180-θ). This technique was adapted from that mentioned in Schreurs [70]. 
 
4.1.6 Apparatus function 
The final step in the data reduction is to determine an apparatus function. This takes into 
account any remaining anomalies due to the experimental setup and alignment, and is unique 
to every apparatus. 
The apparatus function was calculated by dividing the experimental results by the theoretical 
calculation based on the standard sample (see beginning of this chapter for a description of the 
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sample properties). For the natural water samples, the measured I(θ) values were divided by 
the apparatus function i.e. 
( )
( )
( ) ( )
AF
I
  I
I
I
  AF
meas
nat
theory
corr
θ
=θ
θ
θ
=
 4.3 
where AF is the apparatus function for that experimental setup, I(θ)corr is the experimentally 
measured intensity function of a known sample of colloidal polystyrene spheres, I(θ)theory is 
the theoretical function for the known sample, I(θ)meas is the experimentally measured 
function of a sample of natural water and I(θ)nat is the I(θ)meas corrected with the apparatus 
function. 
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Figure 4.9 Apparatus function 
Figure 4.9 shows the apparatus function used to correct the measured β(θ) curves in this thesis.  
It can be seen that the lower and higher angles are more influenced by the apparatus function. 
Notice that at the higher angles especially 165◦ the uncertainties become relatively high. For this 
reason, measurements greater than 165◦, where the uncertainties were often greater than the 
measured value, were considered to be unreliable and therefore not used. However, note the 
linear scale – the angular dependent effects are very small. This is illustrated in Figure 4.10, 
where the correction is shown on a log scale along with the final results. 
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In addition, the central angles (60◦ to 140◦) of the apparatus function have relatively high 
uncertainties. This is due to the increased signal to noise ratio in this region caused by lower 
measured intensities. This affects the corrected β(θ) in this region leading to greater 
uncertainties.  
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Figure 4.10 Effects of the apparatus function correction 
From Figure 4.10 it can be seen just how small the apparatus function is relative to the range 
of intensities involved4. The apparatus function near the minima of the theoretical curve is 
where polydispersity has its greatest effect. The location of the minima is more particle size 
dependent. Due to this, a great deal of care was taken with the determination of the best fit 
value of the polydispersity, as a small variation in the polydispersity will drastically change the 
depths of the minima and therefore greatly affected the apparatus function.  
Note that it is possible, in principle, to derive an apparatus function which takes into account 
all of the above corrections, by dividing the raw data by the theoretical curve for a known 
sample. However, this approach can lead to problems, as very small changes in the 
experimental setup between the calibration run and a run on an unknown sample will produce 
large changes in the final correction. By doing each of the corrections individually, the major 
differences have already been accounted for, leaving only the (relatively minor) apparatus 
function correction. Thus the differences due to small changes between runs are minimal. In 
                                                
4 An improved protocol would be to measure a different size standard latex sample (a smaller size might be best) 
and compare the resulting apparatus function with that already measured.  
 49 
addition, understanding each source of uncertainty provides information on which technical 
improvements may lead to a reduction in the uncertainties. 
 
4.1.7 Total correction 
The complete data correction displayed in one equation, not including the dust rejection and 
normalisation is: 
( )
AF
SVC)B)-))-I(180R - )(I( 
 I meascoeffmeastotcorr
⋅θ⋅θ
=θ
((
 4.4 
where B is the background correction and SVC is the acceptance angle scattering volume 
correction. To summarize the effects of the different steps: the background correction affects 
mostly the central angles, the acceptance angle scattering volume correction affects the higher 
angles, the dust rejection corrects for contamination, the reflection correction affects mostly 
the higher angles and the apparatus function corrects for any subtle misalignments or 
reflections that are not accounted for by these corrections. 
 
4.2 VOLUME SCATTERING FUNCTION 
Once all the corrections were made the β(θ) measurements were calculated by using Equation 
2.12, which can be stated alternatively as [20]: 
rP(0)
)P(
  
⋅Ω⋅
θ
=θβ )(  4.5 
where P(θ) is the power scattered into the solid angle Ω in the direction θ, calculated from the 
total corrected intensity (Equation 4.3), P(0) is the power of the illuminating beam entering 
the sample; and r is the path length of the beam in the sample, in the direction of P(0) through 
which scattered light enters Ω.  
Ω was calculated using the area of the first pinhole (A = 0.1 mm), and the distance from this 
to the sample area (R = 505 mm) since Ω = A/R2. 
To determine the value to use for P(0), the intensity was measured entering and exiting the vat 
without a sample inside using a power meter (Coherent 210, Coherent Scientific), and the 
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average of these two values was used for P(0). This method is superior to using either of the 
intensity just entering or exiting since neither would give the correct value arriving at the 
sample. It was chosen not to include a sample inside the vat for this measurement, as it would 
introduce more interfaces (i.e. the walls of the sample) (see Figure 4.11). The power entering 
the sample in a normal β(θ) measurement would only have to go through two glass surfaces: 
the vat wall and sample cell wall. Any other discrepancies should be accounted for within the 
uncertainties (see 4.4 Uncertainties Section). 
 
Figure 4.11 Schematic of the measurement of power entering the sample 
 
4.3 NORMALISATION 
In order to compare results between different measurements it is necessary to normalise the 
data so that differences between the shape of the β(θ) measurements, and ultimately the 
scattering to backscattering ratio, can be clearly seen. Therefore each β(θ) was normalised by 
dividing by the total scattering coefficient b which was calculated from the multi-modal Mie 
fits (discussed later) 
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This is usually known as the phase function [1]. 
 
4.4 UNCERTAINTIES 
The experimental uncertainty E (or standard error of the mean) for a set of normally-
distributed results is equal to the standard deviation σ divided by the square root of the 
number of measurements N minus 1 [71] 
.
1 - N
  E  i.e.
σ
=  4.7 
This was done at each angle, and the error bars on the β(θ) and β(θ)/b figures in Sections 5.1 
and 6.1 are these values. The calculation of the uncertainty in the bb/b calculations from the 
multi-modal Mie fits is done using a worst case scenario. The uncertainty in bb/b is described 
by 
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where ∆ is the uncertainty. In order to calculate the fractional uncertainties (inside the 
brackets in Equation 4.7) the sum of the uncertainty at each angle was divided by the sum of 
the β(θ) multiplied by sin(θ) 
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4.9 
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where the ∆β(θ) is either the uncertainty in the measurement at that angle, or the variation 
between the multi-modal Mie fit and the experimentally measured β(θ), whichever was the 
largest. The average fractional uncertainty in bb/b for all samples was approximately 45%. 
The 2πsin(θ) derives from Equation 2.10, since the scattering coefficients are calculated by 
integrating over the sphere (or backward hemisphere considering backscattering).  This 
method gives an uncertainty which is an overestimate and is therefore safe. The fractional 
uncertainty in b for all samples was around 10% with bb approximately 35%.  Though the 
uncertainty in b is greater than that of bb, the fractional uncertainty is less due to the lower 
angles contributing the greatest to b and having a lower signal to uncertainty ratio. 
The uncertainty in the polarisation ratio P (see Equation 2.34) (not to be confused with 
scattered or incident power P(θ) and P(0)) is calculated through combination of uncertainties 
(see [72]): 
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Due to the subtraction of similar values in the denominators of Equations 4.10 the fractional 
uncertainty in the polarisation ratios are relatively large with an average around 75%. Due to 
such a high uncertainty any discussion of the variation in the P based on the results presented 
in this thesis would be meaningless.  
The uncertainty ∆χ(θ) in the conversion factor χ(θ) used in the calculation of bb from fixed-
angle sensors, is found, again using combination of uncertainties, to be 
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The average fractional uncertainty in χ(θ) at each angle considering all samples is 
approximately 35%. 
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4.5 MIE FITS TO EXPERIMENTAL DATA 
Due to experimental constraints it was not possible to obtain the full angular range (0◦-180◦) 
needed for the accurate calculation of bb/b, therefore extrapolation from the experimental data 
was required. The most accurate method to do this is the use of Mie theory, which involves 
the exact solution to Maxwell’s equations assuming plane waves on a homogeneous sphere 
(or other simple shapes). 
All the particles in the sample presented in this thesis have polydispersity – in other words the 
particles are not all identical in size. The effect of polydispersity on scattering properties is 
that each size will have a slightly different β(θ). The measured scattering will therefore be a 
weighted sum of the scattering from each of the different particle sizes. This causes any sharp 
features of  β(θ) to smear out, though it has only a small effect on the positions of any 
minima, provided the polydispersity follows a Gaussian distribution or similar [73, 74]. 
Due to the multi-modal polydisperse nature of the samples and the amount of experimental 
data acquired, fitting the data was difficult and very time consuming. For the initial fits, 
several hundred different particle size distributions were investigated. This involved several 
different distribution types (1-Gaussian, 2-Weibull and 3-Log Normal), each with a range of 
parameters, as well as variation of the bulk refractive indices. Other models for particle size 
distributions (e.g. differential Junge and the two-component gamma distributions [21, 53, 75]) 
were not attempted as they were similar to the Log normal and Weibull distributions and 
would require far more time to complete. The equations governing the three distributions used 
here are: 
1. Gaussian 
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







σπσ
= 2
2
2g 2
R - R
-exp
2
1
  (R)G  4.12 
where R is the mean radius and σ is the standard deviation. 
2. Log normal 
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where σg is the geometrical mean standard deviation and Rm is the median radius. These can 
be related to the mean and standard deviation via: 
].0.5  )exp[ln(R  R
1 - )exp(  
2
gm
2
g
2
σ+=
σ=σ
 4.14 
3. Weibull 
R)exp(-R  (R)G 1) - (w αβαβ=
β
 4.15 
where α, β are the fit parameters and α, β, R > 0. The variance and mean are given by: 
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where Γ is the standard (Euler) gamma function. The above are respectively, symmetrical, 
positively skewed and negatively skewed PSD models and are each determined by only two 
parameters [74]. 
After examination of the fits it was found that the Gaussian distribution with a polydispersity 
of 10% was a good compromise that provided a good fit to the data, without overly 
complicating the interpretation. This is presumably due to the fact that the distributions were 
multi-modal (consisting of different components of different particle sizes), so when these 
distributions overlap, the fits are insensitive to the detailed shape of any one distribution.  
For the final fits, Mie calculations were carried out for 50 varying particle sizes (see Table 
4.1) all spherical with the same Gaussian distribution, polydispersity of 10% and relative 
refractive index of 1.04 (in water). The exception is the calculation for a particle radius of 1 
nm which was used to account for any Rayleigh scatterers since it would have a symmetrical 
β(θ) around 90◦.  
To narrow down the possibilities several assumptions were made: 
1) that randomly orientated particles of irregular shape could be approximated as spherical. 
2) that the light scattering is insensitive to any inhomogeneous internal structures. 
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These assumptions could lead to changes in the calculation of bb by up to 30% [76, 77], which 
can be considered reliable since the uncertainty in the average bb calculation was 35%. 
Theoretical predictions [18, 77] and experimental measurements [78, 79] suggest that 
particles of irregular shapes or layered spheres [11, 18, 76] in general have higher bb/bs than 
spheres of comparable size.  
To estimate the refractive index to be used, calculations were made over a suitable range for 
phytoplankton since it was assumed to be the major contributor to the total scattering, namely 
1.02 to 1.07 (including potential uncertainties) [75]. After examination of the hundreds of Mie 
calculations it was found that a relative refractive index (relative to water) of 1.04 gave the 
best fits5.  
Once the list of potential Mie fits was obtained and considering Equation 2.11, Excel’s solver 
add-in was used to minimise the χ2 [70] (Equation 4.18 below shows this) value of the 
experimental data compared to the theoretical Mie multi-modal (β(θ)fit) fit by adjusting the 
relative contributions of each of the Mie functions to the fitted data, represented by the 
equation: 
( ) ( ) ( ) ( ) ( ) ... Cc  BbAa  coefcoefcoeffit +θ×+θ×+θ×=θθβ  4.17 
where acoef, bcoef, ccoef, … are multiplication factors and A, B, C, … are the Mie calculations 
for varying particle sizes. 
( ) ( )
( )∑ 



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

θσ
θβθβ
=χ
i
2
measi
fitimeasi2  -     4.18  
where σ(θi)meas is the standard deviation of each measurement. 
 
 
 
 
                                                
5 Of course, there are many possible particles which have refractive indices different from the value chosen, 
including mineral particles. However, the volume scattering function has inherently low information content, and 
introducing a range of refractive indices as well as a range of sizes would lead to a multiplicity of solutions. The 
aim of the procedure used here is not to uniquely determine the particle size distribution, but to compare the 
effective distribution across samples using the same assumptions. In order to determine quantitative information 
about particle types and distributions, microscopic determination of the types of constituents would be required 
as extra input data. Such an analysis is beyond the scope of this thesis. In Case I water this would not be an issue 
since they are comprised mainly of phytoplankton particles and therefore a smaller range of refractive indices 
could be assumed. 
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Table 4.1 Multi-modal Mie fit parameters 
Radius(nm) Refractive index 
Polydispersity 
(%) Radius(nm) 
Refractive 
index 
Polydispersity 
(%) 
50 1.04 10 8000 1.04 10 
100 1.04 10 8500 1.04 10 
200 1.04 10 9000 1.04 10 
300 1.04 10 9500 1.04 10 
400 1.04 10 10000 1.04 10 
500 1.04 10 10500 1.04 10 
600 1.04 10 11000 1.04 10 
700 1.04 10 11500 1.04 10 
800 1.04 10 12000 1.04 10 
900 1.04 10 12500 1.04 10 
1000 1.04 10 13000 1.04 10 
1250 1.04 10 13500 1.04 10 
1500 1.04 10 14000 1.04 10 
1750 1.04 10 14500 1.04 10 
2000 1.04 10 15000 1.04 10 
2500 1.04 10 16000 1.04 10 
3000 1.04 10 17000 1.04 10 
3500 1.04 10 18000 1.04 10 
4000 1.04 10 19000 1.04 10 
4500 1.04 10 20000 1.04 10 
5000 1.04 10 22500 1.04 10 
5500 1.04 10 25000 1.04 10 
6000 1.04 10 27500 1.04 10 
6500 1.04 10 30000 1.04 10 
7000 1.04 10 1 1.04 1 
7500 1.04 10    
 
The calculations for each fit were made at 0.1◦ increments over the range 0◦ to 5◦, as this range 
provides the majority of the total scattering. Due to time constraints, as some Mie calculations 
took upwards of 2 days computer time, the remainder of the fit, 5◦ to 180◦ were done at 1◦ 
increments.  
These incremental values were chosen after investigation of 3 particle radii (200 nm, 1000 nm 
and 10000 nm), which were assumed to represent a size range expected for marine particles. 
The backscattering ratios which are a good indicator of shape were calculated from the fits. 
The point at which the change in bb/b became insignificant with a decreasing angular 
increment was chosen as it was assumed further reduction in the increment would not more 
accurately describe the shape. This is shown in Figure 4.11 and Table 4.2. 
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Figure 4.11 Comparison between different angle increments used for the multi-modal Mie fits 
In Figure 4.11 the sum plot is the sum of the 3 radii (200 nm, 1,000 nm and 10,000 nm); 1 
degree is using a 1◦ increment over the full angular range (i.e. 0◦ to 180◦) and 0.1 degree uses 
0.1◦ increment between 0◦ and 5◦ then 1◦ increments from 5◦ to 180◦. 
From Figure 4.11 it can be clearly seen that using the 1◦ increment misses a lot of the detail 
especially with the larger radius 10,000 nm. The range of increments investigated is shown in 
Table 4.2 which confirms this conclusion. It is shown that after around 2◦ it was not necessary 
to use a smaller angular increment than 1◦ due to the slope levelling-out. 
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Table 4.2 List of different particles sizes with polydispersities used to determine appropriate 
angular increment to use by comparing bb/bs 
Particle size 
(nm) 
Polydispersity 
(%) 
Angular increment 
(degrees) bb/b 
200 1 5 0.0124 
200 1 1 0.0122 
200 1 0.1 0.0122 
200 1 0.05 0.0122 
200 1 0.1;1 0.0122 
1000 1 5 0.0011 
1000 1 1 0.0010 
1000 1 0.1 0.0010 
1000 1 0.05 0.0010 
1000 1 0.1;1 0.0010 
10000 1 5 0.0011 
10000 1 1 0.0005 
10000 1 0.1 0.0004 
10000 1 0.1;1 0.0004 
sum 1 5 0.0123 
sum 1 1 0.0122 
sum 1 0.1 0.0122 
sum 1 0.05 0.0122 
sum 1 0.1;1 0.0122 
 
From Table 4.2 it can be seen that using an angular increment of 0.1◦ between 0◦ and 5◦ then a 
1◦ increment from 5◦ to 180◦ gives a value of the bb/b that does not vary significantly when 
compared with using 0.1◦ or 0.05◦ over the whole angular range. The fractional uncertainty is 
of the order of 0.1%, considerably less than the final uncertainties in the experimentally 
determined values of bb/b, which are around 45% (see Table 5.1 and Table 6.1) and hence 
these angular increments were used.  
The backscattering ratios were therefore calculated using the trapezium rule where [55]:  
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where n is the number of points on the function f(x) between points a and b. The uncertainty 
is of the form 
( )
2
3
n12
)x(fab ′′−
 4.20 
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where c is some point between a and b (not to be confused with the absorption and scattering 
coefficients) and (x)f ′′  is the double-differential of the function f(x). 
Since the multi-modal Mie fits could not be easily differentiated it was decided to use the 
method mentioned in the 4.5 Uncertainties Section to calculate the uncertainty in the fits and 
ultimately the bb/bs. 
Of course, if a sufficiently large number of particle sizes were used, in principle an exact fit 
can be found. However, there would be little information in such an over-specified system, 
since it could have many potential sizes. In general, fewer than 10 distributions were used for 
each multi-modal Mie fit. 
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CHAPTER 5: GIPPSLAND LAKES SYSTEM 
The Gippsland Lakes system is located along the south-eastern Victorian coast of Australia. 
The system is made up of three lakes covering a distance of 60 km, centred at approximately 
37.5◦S Latitude and 147.5◦E Longitude with an area of around 364 km2, and consisting of 
water that ranges from fresh to brackish to oceanic. The system begins with Lake Wellington 
at the western end connecting via McLennans Strait to Lake Victoria, then onto Lake King 
and finally, through a man made entrance at Lakes Entrance, joining Bass Strait (Figure 5.1) 
[80, 81]. 
 
Figure 5.1  Satellite image of the Gippsland lakes system, taken from [82] (white crosses 
display sample locations) 
The lakes system has a range of uses from recreation and tourism to commercial fishing. 
Catchment modifications, together with the creation of a permanently open entrance to Bass 
Strait in 1889, have resulted in a substantially altered environment from its condition two 
centuries ago. Major water quality concerns include recurring blooms of the blue-green 
cyanobacterium Nodularia, and extended periods of bottom water hypoxia. Several initiatives 
are underway to improve the environmental condition of the lakes, requiring in depth 
investigation, such as regular monitoring of the algal concentrations. This can potentially be 
achieved using remote sensing methods, however, the correct interpretation of such images 
requires in situ and laboratory based measurements of the optical properties of the waters in 
the lakes system, such as light absorption and scattering [81, 83]. This study focuses on the 
measurement of several selected sites in the Gippsland lakes system, location information of 
which can be found in Table 5.1 below. 
Lake Wellington 
Lake Victoria 
Lake King 
Lakes 
Entrance 
Bass Strait 
Bancroft Bay 
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Table 5.1 Gippsland Lakes sample location information, the locations of earlier 
measurements by Petzold used for comparison, are also shown 
Sample 
code Location Latitude Longitude 
Sample 
Date 
16/03/05 
06/04/05 
21/04/05 
LK Lake King 37.53'06S 147.46'44E 
10/07/05 
16/03/05 
06/04/05 
21/04/05 
LV Lake Victoria 37.57'01S 147.42'27E 
10/07/05 
16/03/05 
06/04/05 BB Bancroft Bay 37.53'04S 147.52'42E 
21/04/05 
SDH 
(Petzold) 
San Diego 
harbour   1972 
TO 
(Petzold) 
Tongue of the 
Ocean   1972 
SCC 
(Petzold) 
Southern 
Californian 
coast 
  1972 
 
5.1 SCATTERING FUNCTIONS AND MIE FITS 
Figure 5.2 shows the phase function (β(θ)/b)  measurements taken from samples collected 
from the Gippsland lakes on 4 separate occasions from early to mid 2005 and the multi-modal 
Mie fits to the experimental data. Further displayed are the β(θ)/b measurements by Petzold in 
1972 [20] and their corresponding polynomial fits. The β(θ)/b measurements are used here 
because they are good (compared to the β(θ)) at displaying the comparison between the slopes 
of the measurements and fits. 
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Figure 5.2 Gippsland Lakes β(θ)/b values with multi-modal Mie fits comparison with 
Petzold’s data for 16/03/05 and 06/04/05 cruises 
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Figure 5.3 Gippsland Lakes β(θ)/b values with multi-modal Mie fits comparison with 
Petzold’s data for 21/04/05 and 10/07/05 cruises 
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Note that in the figures in this chapter and Chapter 6 where multiple curves are presented on a 
single figure (e.g. Figure 5.2) the spread of the results is more important for the analysis than 
the shape of any individual measurement. 
From Figure 5.2 and Figure 5.3 it can be seen, in general, that the multi-modal Mie fits 
represent the experimentally measured values with a reasonable degree of accuracy (see Table 
5.2 for χ2 fit values) and also that the slopes appear to compare best with San Diego harbour 
Petzold measurements. The backscattering ratios bb/b Table 5.2 help to illustrate this point, 
since the backscattering ratio is only sensitive to the shape of the β(θ)/b or β(θ). The San 
Diego harbour values agree best with the Gippsland Lakes measurements, whereas for the 
Southern Californian coast and Tongue of the Ocean models have far poorer agreement (see 
Table 5.3). 
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Table 5.2 Gippsland Lakes samples scattering coefficients with Petzold and pure water 
comparison 
Location Date/ wavelength bb/b 
∆bb/b 
(%) 
b 
(m-1) 
bb 
(m-1) 
∆b  
(%) 
∆bb  
(%) 
χ2 
value 
of fit 
16/03/05 0.023 29 0.833 0.019 7 29 0.088 
06/04/05 0.023 50 0.901 0.021 12 27 0.127 
21/04/05 0.023 41 0.652 0.015 10 39 0.130 
LK 
10/07/05 0.005 29 1.952 0.010 7 79 0.477 
16/03/05 0.016 26 1.276 0.020 7 27 0.131 
06/04/05 0.019 20 1.587 0.031 5 21 0.132 
21/04/05 0.022 24 0.846 0.019 6 32 0.121 
LV 
10/07/05 0.007 34 1.311 0.009 9 71 0.531 
16/03/05 0.023 28 0.805 0.019 7 31 0.122 
06/04/05 0.015 53 0.888 0.013 13 41 0.552 BB 
21/04/05 0.028 93 0.761 0.021 23 49 0.738 
SDH  
(Petzold 
[20]) 
514 nm 0.019  1.537 0.029    
TO 
(Petzold) 514 nm 0.036  0.066 0.002    
SCC 
(Petzold) 514 nm 0.014  0.247 0.003    
Pure sea 
water  
(Morel 
[14]) 
633 nm   0.0010 0.0005    
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Figure 5.4 Gippsland Lakes β(θ) measurements with multi-modal Mie fits comparison with 
Petzold’s data 
 
Table 5.3 Mean values of scattering coefficients and backscattering ratio including 
percentages where the Petzold measurements are within the uncertainties (∆ Mean) of the 
Gippsland Lakes measurements 
 bb/b b (m-1) bb (m-1) 
Mean GL samples 0.019 1.07 0.018 
∆ Mean (%) 50 10 40 
Percentage where SDH within ∆ of 
GL measurements 
82 9 18 
Percentage where TO within ∆ of 
GL measurements 
9 0 0 
Percentage where SCC within ∆ of 
GL measurements 
55 0 18 
 
From Table 5.3 we can conclude that: 
• although the mean bb/b of the GL samples agrees well with Petzold’s San Diego 
harbour and Southern Californian coast values, the scattering and backscattering 
coefficients lack this agreement. 
• there is no agreement of the mean values of the GL measurements with Petzold’s 
Tongue of the Ocean measurements.  
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• b has little agreement with any of Petzold’s measurements though it also has the 
smallest fractional uncertainty. 
Figure 5.4 shows that although the different measurements may have similar curves, as seen 
in Figure 5.2, and confirmed by the similarities between the Gippsland and San Diego values, 
the relative magnitude of the scattering can be significantly different, as shown by the 
differences in bb and b. This suggests that measurement of the phase function alone may not 
contain enough information to distinguish between all samples (i.e. different water). 
 
5.2 ANGULAR DISTRIBUTION 
Figure 5.5 illustrates the angular distributions of the experimental measurements taken from 
the samples mentioned above, as calculated using the equation 
( )
( )∫ θθβπ
∫ θθβπ
=
θ
180
0
0
ang
dsin  2
dsin  2
  /bb  5.1 
as shown in Petzold [20], where bang/b is the ratio of scattering between 0◦ and θ and the total 
scattering. 
The fractional uncertainty in the fits used for these calculations and the experimental 
uncertainties combine, on average, to be around 10%. 
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Figure 5.5 Gippsland lakes angular distribution of total scattering 
From Figure 5.5 it can be seen that, for most of the samples and the Petzold measurements, 
the majority of the total scattering occurs between 0◦ and 40◦ with around 60% occurring 
between 0◦ and 5◦. This validates the assumption of using 0.1◦ increments over this range for 
the multi-modal Mie fits. In addition, only around 2 or 3% of the total scattering contributes 
to the backscattering (90◦ to 180◦), thus the reflectance signal measured by the space borne 
sensor, or the backscattering measured by the in situ sensor (e.g. Hydroscat-6), is only a small 
fraction of the total signal. 
 
5.3 PARTICLE SIZE DISTRIBUTION 
In order to calculate the contribution of each particle size to the (back)scattering in 
Subsections 5.3.2 and 5.3.3, first the contribution of pure sea water must be subtracted. To 
achieve this, the bsw and bbsw were subtracted from the contribution of the smallest particle 
size (1 nm radius) used in the calculation of the multi-modal Mie fits.  
The sin(θ) in the integration shown in Equation 2.7 and Equation 2.8 
( ( ) ( )∫ θθθβπ=
°
°
180
0
d sin 2  b e.g. ), reduces the significance of scattering below a few degrees (<2◦), 
due to sin(θ) at small angles having a small value. Leading on from this, the bb/b values of 
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particles larger than 20,000 nm (which are used in the calculation of the contributions to 
backscattering in Subsection 5.3.3), became relatively large (approaching 0.5), due to the 
majority of their scattering occurring at low angles and therefore being washed-out by the 
multiplication by sin(θ) at low angles. For consistency with the backscattering contributions 
(Subsection 5.3.3) the contributions of particles larger than 20,000 nm were not included in 
Subsection 5.3.2.  
The figures in Subsection 5.3.2 and 5.3.3 show the cumulative contribution of the total 
scattering as a function of increasing particle radius for particle less than 20,000nm. This was 
calculated from the relative contribution of each particle size added to those preceding 
increasing with the size, used in the calculation of the multi-modal Mie fits, to the total 
scattering i.e. 
ncoefCcoefBcoefAcoefcont(n) b...n bc  bb  ba  b ×+×+×+×=  5.3 
where acoef, bcoef, ccoef, … are the multiplication factors used in Equation 4.17 and bA, bB, 
bC,… are the scattering coefficients of each individual particle size, and bcont(n) is the 
cumulative contribution to particle size n. 
 
5.3.1 Particle number distribution 
Figure 5.6 displays the particle size distributions used for the multi-modal Mie fits mentioned 
above. The y-axis displays the relative number of particles in each size bin used to fit the 
intensity data. This is calculated by dividing the relative intensity at each size used in the 
multi-modal Mie fits, by the volume of the particle at that size. 
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Figure 5.6 Gippsland Lakes particle size distribution determined from the multi-modal Mie 
fits for particles less than 35,000nm in radius 
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Figure 5.7 Gippsland Lakes particle size distribution determined from the multi-modal Mie 
fits for particles less than 5,000nm in radius 
From Figure 5.6 it can be seen that the majority of particles in the samples occur in two 
groups: below 5,000 nm; and between 13,000 nm and 35,000 nm in radius. The different 
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samples have similar, but not identical, distributions, which Figure 5.7 helps to illustrate for 
the smaller sizes. When comparing with Table A.6 in Appendix 6, the results appear to 
correspond fairly well with the expected sizes for phytoplankton cells. Nodularia cells, which 
are assumed to be living in the lakes, with the radius of approximately 2,400 nm and a width 
of around 6,600 nm, fit within the size range. The radius and width of the Nodularia cells 
were calculated from the average of 12 separate strains in two states (vegetative and 
heterocyst) taken from Lehtimäki et al [84]. 
It should be noted that the relative number of particles were calculated assuming homogenous 
spheres with the same refractive index and particle size distribution; these ideal conditions 
would not be expected to occur in nature. In addition the fractional uncertainty would be 
expected to be around 10% as mentioned in Section 5.2. 
 
5.3.2 Particle size contribution to total scattering 
Figure 5.8 and Figure 5.9 display the cumulative contribution to the total scattering as a 
function of particle radius, for all particle sizes under 20,000 nm. These results in Figure 5.8 
and Figure 5.9 are per intensity contribution not per number (not divided by the volume of 
each radius) as in Figure 5.6 and Figure 5.7. 
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Figure 5.8 Gippsland Lakes cumulative contribution to total scattering for particle radii 
smaller than 20,000 nm 
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Figure 5.9 Gippsland Lakes cumulative contribution to total scattering for particle radii 
smaller than 3,000 nm 
From Figure 5.8 it can be seen, in most cases, that more than 80% of the total scattering from 
particles between 0 nm and 20,000 nm in radius is caused by particles less than 4,000nm in 
radius. In addition Figure 5.9 shows that the majority (approximately 95%) of total scattering 
is due to particles greater than 600 nm in radius, in the samples under investigation. 
Comparing Figure 5.7, which show a relatively large number of smaller particles (<600 nm), 
to Figure 5.9 the results shows how weakly smaller particles contribute to total scattering. 
Again as mentioned above the fractional uncertainty is around 35%. 
Through analysis of the data used in Figure 5.8 the average contribution of particles smaller 
than 220 nm in diameter (110 nm in radius) is found to be 0.2% of the total scattering. This 
size range is important because often CDOM is defined as being smaller than 220 nm in size. 
This shows that CDOM and any other particles in the size range, which may include viruses, 
bacteria and colloids, contribute insignificantly to the total scattering. In addition, particles 
greater than 350 nm in radius, which is the size range of phytoplankton, contribute around 
99.5% of the total scattering.  
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5.3.3 Particle size contribution to backscattering 
Although some particle sizes do not contribute greatly to total scattering, they may be more 
important in backscattering. Figure 5.10 and Figure 5.11 show the cumulative contribution to 
backscattering as a function of particle radius, for all particle sizes under 20,000 nm. Again 
these results are per intensity contribution not per number. 
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Figure 5.10 Gippsland Lakes cumulative contribution to backscattering for particle radii 
smaller than 20,000 nm 
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Figure 5.11 Gippsland Lakes cumulative contribution to backscattering for particle radii 
smaller than 3,000 nm 
Figure 5.10 and Figure 5.11 show that around 40-60% of the backscattering is from particles 
less than a few nanometres in radius. On average, 55% of the backscattering is attributed to 
particles less than 110 nm in radius which is the same size range as CDOM (and other small 
particles). In comparison with Subsection 5.3.2 where only 0.2% of the total scattering was 
from particles in this size range, this result shows how smaller particles contribute more to 
backscattering than larger particles; also it shows that smaller particles may not contribute 
significantly to the total scattering but can contribute significantly to backscattering. On 
average particles greater than 350 nm in radius contributed around 43% to the backscattering. 
Though as mentioned in previously, the existence of particles different refractive indices may 
contribute, and are not taken into account in this simple model (see footnote #5 p. 55).  
This is important to aquatic colour applications due to the fact that the signal that is measured 
is reliant on the backscattered light of which more than half the signal appears to be from 
particles with radii far smaller than that of phytoplankton and other constituents important for 
oceanographic research. 
The fractional uncertainty in Figure 5.10 and Figure 5.11 is around 35%. 
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5.4 POLARISATION RATIO 
Figure 5.12 illustrates the degree of polarisation of each of the samples calculated using 
Equation 2.34.  
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Figure 5.11 Gippsland Lakes ratio of polarisation 
From Figure 5.12 it can be seen that the ratio of polarisations of the samples is, in general, 
around 0 i.e. unpolarised. In the mid-angular range (70◦ to 110◦) the perpendicular polarisation 
dominates, as would be expected since theoretically, for a Rayleigh scatterer, in this range the 
parallel polarised scattering should approach 0 and therefore the ratio of polarisation would 
approach 1.  
Note that the error bars were removed due to their magnitude being in the same order of 
magnitude as the data points; this arises due to the subtraction of similar values (see Equation 
4.10).  
 
5.5 BACKSCATTERING COEFFICIENT FROM A SINGLE ANGLE 
Figure 5.13 shows how the conversion factor χ(θ) of each of the samples, which is used to 
calculate the bb from a single fixed-angle measurement, using Equation 2.45, changes with 
angle. 
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Figure 5.13 Gippsland Lakes χ(θ) 
Figure 5.13 shows the spread of the χ(θ) of the Gippsland samples. Figure 5.14 displays the 
average of the χ(θ) (“total” in the figure) in Figure 5.12 along with those calculated from the 
particulate backscattering coefficient bbp and the particulate volume scattering function βp(θ) 
(“particulate” in the figure). In addition these are compared with other total χ(θ) values 
calculated by Oishi [21] and Chami et al [52], along with the particulate χp(θ) values by Boss 
and Pegau [75] and Chami et al [52], including the average χ(θ) for phytoplankton, again 
calculated by Chami et al [52] from several algal species. 
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Figure 5.14 Comparison between Gippsland Lakes χ(θ) values with other calculated χ(θ) 
Figure 5.14 shows that the particulate and total χ(θ) for the Gippsland Lakes samples are 
almost indistinguishable. From Figure 5.13 it can be seen that the best angle for calculating 
the bb from a fixed-angle backscattering sensor would be between 100◦ and 130◦ where the 
spread of the χ(θ) values is the least (though there is still a significant variation of 
approximately 16%). Figure 5.14 agrees with this conclusion although the spread of all the 
separate χ(θ) calculations is significantly greater. Table 5.4 shows the χ(θ) values calculated 
from the average of all those in Figure 5.14. 
Table 5.4 Average of different χ(θ) calculations 
Angle(degrees) 90 100 110 120 130 140 150 160 170 
χ(θ) 0.85 1.00 1.11 1.16 1.16 1.11 1.03 0.95 0.72 
Fractional 
Uncertainty 
(%) 
18 13 9 8 15 18 23 28 15 
 
Figure 5.13 and Figure 5.14 are consistent with Oishi [21] and Boss and Pegau [75] who 
found that the best angle for calculating bb from a single angle approximation was between 
110◦ and 130◦ with 120◦ giving the smallest fractional uncertainty of around 7.8%. For this 
apparatus and considering just the Gippsland data presented in Figure 5.13, Figure 5.14 and 
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Table 5.4, the best angle would be 120◦. There is poorer agreement with Maffione and Dana 
[53] and Chami et al [52] who concluded that 140◦ may be the best angle to use. 
This is important for fixed-angle backscattering sensors (e.g. HydroScat-6) since the angle 
used to calculate bb is intended to be one at which the ratio of β(θ)/bb would be consistent and 
therefore a constant multiplicative factor χ(θ) can be used to calculate bb for any sample. 
 
5.6 TIME DEPENDENT MEASUREMENTS 
One of the aims of remote sensing of water quality is to be able to monitor changes in water 
conditions over time as a function of seasonal variation and one-off events. Due to the 
distance between the laboratory and sampling locations for the studies in this thesis, this could 
not be carried out over an extended period of time. However, it was possible to make several 
measurements over a period of approximately four months. Figure 5.15 shows representative 
β(θ) measurements for Lake Victoria. 
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Figure 5.15 Times series of Lake Victoria β(θ) measurements 
From Figure 5.15 it can be seen that there is a significant variation in the measurements. In 
particular there is a definite reduction in the scattering occurring in the July measurements 
compared to those of March and April. The Lake King samples displayed a similar trend (data 
not shown). 
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Time series measurements were not a primary focus of this work, so no attempt has been 
made to correlate these changes with local conditions. However, the results are interesting and 
suggest that more extended time series measurements, correlated with local sampling and 
meteorological data would be highly worthwhile in future work.  
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CHAPTER 6: GREAT BARRIER REEF 
The Great Barrier Reef, stretching around 2600km along the Queensland coast in north 
eastern Australia (see Figure 6.1), consists of around 2900 coral reefs, is widely acclaimed as 
one of the world’s great natural treasures and is listed as one of the seven wonders of the 
natural world. In 1981, the Reef gained international recognition due to its inscription on the 
World Heritage List [3, 85, 86]. 
 
Figure 6.1 Satellite image of the Great Barrier Reef, taken from [82] (white crosses display 
sample locations) 
Several major environmental problems now face the Great Barrier Reef. Since European 
settlement of Australia, the annual flow of nutrients, sediment, toxic organic contaminants, 
heavy metals and pesticide run-off into the reef have increased significantly. Coupled with other 
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environmental changes including global warming, this has seen, since 1998, two of the worst 
recorded coral bleaching events (caused by unusually hot sea water), and a significant reduction 
in marine life has also been recorded in recent times [3]. 
The problems facing the Great Barrier Reef are not unique - recent times have seen the loss of 
up to 20% of the world’s coral reefs, with a further 24% considered under imminent risk of 
collapse, therefore any new research determining the causes and finding potential solutions is of 
significant scientific interest. For more information see reports by the Great Barrier Marine Park 
Authority [3, 86]. 
To gather the appropriate data, remote sensing is needed since it is the only technique whereby 
the large areas of the Great Barrier Reef can be monitored regularly. In order to achieve this; the 
scattering behavior of the water constituents in the reefs needs to be known. Therefore 26 
samples were collected on 2 separate field trips, in August and September 2005, covering a 
large area of the Great Barrier Reef region (see Figure 6.1 and Table 6.1). Each sample’s 
scattering behaviour was measured and theoretical fits were applied and analysed. 
 
 
 
 
 
 
 
 
 
 
 
 
 81 
Table 6.1 Great Barrier Reef sample location information 
Sample Cruise Location Latitude Longitude 
WQS006 August 3.5 km East off Yeppoon bay 23 06' 57 S 150 46' 39 E 
WQS007 August 2.5 km NE of Great Keppel Isl. 23 08' 04 S 150 57' 48 E 
WQS008 August 1km W of Middle Island 23 10' 01 S 150 54' 47 E 
WQS011 August Seaforth Island [next to Lindeman Island] 20 27' 80 S 149 02' 13 E 
WQS012 August Long Island / Pine Island 20 19' 83 S 148 50' 64 E 
WQS013 August Hamilton Island 20 19' 93 S 148 55' 93 E 
WQS014 August Shute Island 20 17' 55 S 148 47' 82 E 
WQS015 August Daydream Island 20 14' 94 S 148 48' 78 E 
WQS016 August Hook Island (SW) 20 08' 91 S 148 52' 94 E 
WQS017 August Double Cone Island (North side) 20 05' 89 S 148 42' 81 E 
WQS018 August Gloucester Island 20 02' 86 S 148 26' 13 E 
WQS020 August Upstart bay 19 43' 49 S 147 42' 60 E 
WQS022 August Bowling Green Bay 19 18' 38 S 147 22' 92 E 
WQN001 September 4 km east of Coconut beach resort  16.07'37S 145.28'94 E 
WQN003 September 4 km ESE Daintree River mouth 16.19'26S 145.28'38 E 
WQN004 September Midway between Port Douglas & Low isles 16.24'56S 145.30'56 E 
WQN005 September Double Island 16.39'85S 145.42'26 E 
WQN006 September Yorkey’s Knob [N.E of Cairns] 16.47'88S 145.44'76 E 
WQN007 September East of Cairns 16.49'41S 145.47'36 E 
WQN021 September 1.5 km WNW Dunk Island Resort 17.55'85S 146.07'38 E 
WQN022 September Midway between Richards Is. & Wheeler Is. 18.00'98S 146.09'53 E 
WQN026 September Pandora Reef 18.47'99S 146.25'87 E 
WQN028 September Approx 2-3 km NE of Herald Island 19.00'34S 146.39'14 E 
WQN032 September Cleveland Bay well South of Magnetic Island 19.11'42S 146.54'83 E 
WQN033 September 2-3 km East of Magnetic Island 19.04'76S 146.53'71 E 
WQN034 September SE side – 300 km from shore Magnetic island 19.06'50S 146.51'59 E 
 
6.1 SCATTERING FUNCTIONS AND MIE FITS 
Figure 6.2 and Figure 6.3 below show the phase function measurements (β(θ)/b) of samples 
collected from the Great Barrier Reef (GBR) on a cruise in August 2005 (Figure 6.2) and 
another GBR cruise in September 2005 (Figure 6.3). Each cruise covered separate areas. 
Multi-modal Mie fits are shown for all the experimental data. Also displayed on each figure 
are the β(θ)/b measured by Petzold in 1972 [20] and their corresponding polynomial fits. 
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Figure 6.2 GBR August cruise β(θ)/b values with multi-modal Mie fits and comparison with 
Petzold’s data 
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Figure 6.3 GBR September cruise β(θ)/b values with multi-modal Mie fits and comparison 
with Petzold’s data 
From Figure 6.2 and Figure 6.3 it can be seen, in general, that the multi-modal Mie fits 
complement the experimentally measured β(θ)/b values with a reasonable degree of accuracy 
(see Table 6.2 for χ2 fit values) and that the curves appear to compare best with Petzold’s 
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Southern Californian coast measurements. Through analysis of the backscattering ratios in 
Table 6.2 it is shown that the Southern Californian bb/b lies within the uncertainties for 
around 88% of the Great Barrier Reef values, whereas this is true for only around 62% of the 
measurements compared with San Diego harbour, and none of the measurements for the 
Tongue of the Ocean. As mentioned in Section 5.1, due to the bb/b being sensitive to the 
shape of the β(θ)/b, comparison of bb/b is a good indication of similar shape of the β(θ)/b (or 
β(θ)). 
In Table 6.2 the ac-9 values were calculated by subtracting the absorption coefficient a, from 
the total attenuation coefficient c, and the HydroScat-6 bb values were calculated from the 
average measurements at 589 nm and 676 nm. These were measured in situ at the time that 
the samples were collected by CSIRO Land and Water. Through analysis of the data in Table 
6.2, 22% of the ac-9 calculated values are within the uncertainties of the laboratory-based 
measurements and 56% of the HydroScat-6 values are within the uncertainties. The 
HydroScat-6 values are in better agreement, as the ac-9 values were calculated at 650 nm, 
whereas the HydroScat-6 values were calculated at 633 nm, which is the same wavelength at 
which the laboratory-based measurements were made. Overall however, the discrepancy 
between the in situ fixed-angle and laboratory-based multiple angle measurements suggests an 
investigation of the best angle to make fixed-angle in situ measurements is needed. This is 
presented in Section 6.5.  
Table 6.3 summarises the level of agreement of the GBR results and those of Petzold. 
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Table 6.2 Great Barrier Reef sample scattering coefficients with Petzold and pure water 
comparison 
Sample 
Cruise 
date 
 
bb/b 
∆bb/b 
(%) 
b 
(m-1) 
bb 
(m-1) 
∆b 
(%) 
∆bb 
(%) 
ac-9 
b (m-1) 
at 650 nm 
HydroScat-6 
bb (m-1) 
at 633 nm 
χ2 value 
of fit 
WQS006 08/2005 0.013 44 1.173 0.015 9 24   0.149 
WQS007 08/2005 0.014 50 0.956 0.013 10 26 0.271 0.003 0.237 
WQS008 08/2005 0.014 45 1.264 0.018 10 25 0.345 0.005 0.222 
WQS011 08/2005 0.013 55 1.010 0.014 13 31   0.309 
WQS012 08/2005 0.012 43 1.565 0.018 10 25 0.882 0.019 0.446 
WQS013 08/2005 0.017 52 0.826 0.014 13 31 0.793 0.018 0.347 
WQS014 08/2005 0.015 49 0.985 0.015 12 30 0.876 0.020 0.298 
WQS015 08/2005 0.017 50 0.782 0.013 13 32 0.658 0.014 0.487 
WQS016 08/2005 0.018 56 0.936 0.017 14 33 0.827 0.018 1.346 
WQS017 08/2005 0.015 52 0.889 0.014 13 32 0.803 0.016 0.580 
WQS018 08/2005 0.015 51 0.890 0.014 13 32 1.298 0.030 0.199 
WQS020 08/2005 0.016 51 1.023 0.017 13 31   0.256 
WQS022 08/2005 0.018 17 3.120 0.057 3 12 13.889 0.511 0.631 
WQN001 09/2005 0.012 41 1.524 0.018 10 25   0.272 
WQN003 09/2005 0.014 39 1.390 0.020 8 22   0.318 
WQN004 09/2005 0.012 40 1.588 0.020 10 26 0.289 0.006 1.193 
WQN005 09/2005 0.010 43 1.670 0.016 11 29   0.954 
WQN006 09/2005 0.018 28 2.017 0.037 7 20   0.358 
WQN007 09/2005 0.019 26 1.856 0.035 6 18 2.579 0.059 0.308 
WQN021 09/2005 0.013 41 2.218 0.028 11 28   0.530 
WQN022 09/2005 0.016 37 1.327 0.021 8 21 0.997 0.020 0.412 
WQN026 09/2005 0.011 41 1.907 0.021 12 30 0.786 0.016 0.288 
WQN028 09/2005 0.016 34 1.524 0.024 8 21 1.291 0.027 0.278 
WQN032 09/2005 0.010 44 1.821 0.019 12 30 0.711 0.015 0.842 
WQN033 09/2005 0.010 48 1.766 0.017 12 29 0.474 0.009 1.110 
WQN034 09/2005 0.006 45 3.726 0.021 17 39 2.083 0.051 5.499 
SDH  
(Petzold 
[20]) 
 0.019  1.537 0.029      
TO 
(Petzold)  0.036  0.066 0.002      
SCC 
(Petzold)  0.014  0.247 0.003      
Pure sea 
water  
(Morel 
[14]) 
   0.0010 0.0005      
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Figure 6.4 GBR August cruise β(θ) measurements with multi-modal Mie fits comparison with 
Petzold’s data 
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Figure 6.5 GBR September cruise β(θ) measurements with multi-modal Mie fits and 
comparison with Petzold’s data 
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Table 6.3 Mean values of scattering coefficients and backscattering ratio, including 
percentages where the Petzold measurements are within the uncertainties (∆ Mean) of the 
GBR measurements 
 bb/b b (m-1) bb (m-1) 
Mean GBR samples 0.014 1.53 0.021 
∆ Mean (%) 43 11 32 
Percentage where SDH within ∆ 
of GBR measurements 
62 19 12 
Percentage where TO within ∆ 
of GBR measurements 
0 0 0 
Percentage where SCC within ∆ 
of GBR measurements 
88 0 0 
 
From Table 6.3 we can conclude that: 
• although the mean backscattering ratio of the GBR samples agrees well with Petzold’s 
Southern Californian coast value, the scattering and backscattering coefficients lack 
agreement. 
• there is no agreement of the mean values of the GBR measurements with Petzold’s 
Tongue of the Ocean measurements.   
Figure 6.4 and Figure 6.5 show that although the different measurements may have similar 
curves, as seen in Figure 6.2 and Figure 6.3 and also confirmed by the similarities between 
the Great Barrier Reef and Southern Californian coast bb/b values, the relative magnitude of 
the scattering can be significantly different, as shown by the differences in bb and b. This 
suggests as, mentioned for the Gippsland Lakes measurements, that measurement of the phase 
function alone may not contain enough information to distinguish between all samples.  
Despite the lack of agreement for b and bb, the similarities in the shape of β(θ) for the Great 
Barrier Reef and Southern Californian coast measurement are interesting. This may be due to 
the Great Barrier Reef having similar particle types and therefore similar shaped β(θ) 
measurements. The increased magnitude in the GBR scattering may reflect a greater particle 
concentration. 
From Figure 6.4 and Table 6.2 there is a significant difference between WQS022 and the 
other samples. The reasons for this difference remain unexplained. Further experiments would 
be needed to investigate if this difference is real, or due to an experimental artefact. 
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6.2 ANGULAR DISTRIBUTION 
Figure 6.6 and Figure 6.7 display the angular distributions of the experimental measurements 
for the Great Barrier Reef samples mentioned above, as calculated using Equation 5.1. 
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Figure 6.6 GBR August cruise angular distribution of total scattering 
0
20
40
60
80
100
0 20 40 60 80 100 120 140 160 180
Angle(degrees)
C
um
ul
at
iv
e 
Pe
rc
en
t o
f T
ot
al
 S
ca
tt
er
in
g(
%
)
WQN001 WQN003
WQN004 WQN005
WQN006 WQN007
WQN021 WQN022
WQN026 WQN028
WQN032 WQN033
WQN034 San Diego harbour
Tongue of the Ocean Southern Californian Coast
 
Figure 6.7 GBR September cruise angular distribution of total scattering 
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From Figure 6.6 and Figure 6.7 it can be seen that, for most of the samples and the Petzold 
measurements, the majority of the total scattering occurs between 0◦ and 40◦ with around 50% 
to 80% occurring between 0◦ and 5◦. This again validates the assumption of using 0.1◦ 
increments over this range for the multi-modal Mie fits. In addition, only around 2 or 3% of 
the total scattering contributes to the backscattering (90◦ to 180◦), thus, as mentioned in 
Section 5.2 the reflectance signal that the space borne sensor or the backscattering that the in 
situ sensor measures is only a small fraction of the total signal. 
 
6.3 PARTICLE SIZE DISTRIBUTION  
6.3.1 Particle number distribution 
Figure 6.8 and Figure 6.9 show the particle size distributions used for the multi-modal Mie 
fits of the Great Barrier Reef measurements. The relative number is the relative intensity used 
for each particle radius in the fits, divided by the volume of each particle (as mentioned in 
Subsection 5.3.1). 
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Figure 6.8 GBR August cruise particle size distribution determined from the multi-modal Mie 
fits for particles less than 35,000 nm in radius 
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Figure 6.9 GBR September cruise particle size distribution determined from the multi-modal 
Mie fits for particles less than 35,000nm in radius 
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Figure 6.10 GBR August cruise particle size distribution determined from the multi-modal 
Mie fits for particles less than 5,000nm in radius 
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Figure 6.11 GBR September cruise particle size distribution determined from the multi-modal 
Mie fits for particles less than 5,000nm in radius 
From Figure 6.8 and Figure 6.9 it can be seen that the majority of the number of particles in 
the samples occurs below 5,000 nm and between 13,000 nm to 35,000 nm in radius, and that 
the different samples have similar, but not identical, distributions which Figure 6.10 and 
Figure 6.11 help to illustrate for the smaller sizes. When comparing with Table A.6 in 
Appendix 6, the results appear to correspond fairly well with the expected sizes for 
phytoplanktonic cells.  
The fractional uncertainty is around 34%. 
 
6.3.2 Particle size contribution to total scattering 
Figure 6.12 to Figure 6.15 display the cumulative contribution of the total scattering as a 
function of particle radius for particle radii less than 20,000 nm. This size range was used for 
the same reason as discussed in Section 5.3. These results are simple scattered intensities and 
are not scaled by the number of particles as in Figure 6.8 to Figure 6.11 (not divided by the 
volume). 
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Figure 6.12 GBR August cruise cumulative contribution to total scattering for particle radii 
smaller than 20,000nm 
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Figure 6.13 GBR September cruise cumulative contribution to total scattering for particle 
radii smaller than 20,000nm 
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Figure 6.14 GBR August Cruise cumulative contribution to total scattering for particle radii 
smaller than 3,000 nm 
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Figure 6.15 GBR September Cruise cumulative contribution to total scattering for particle 
radii smaller than 3,000 nm 
From Figure 6.12 and Figure 6.13 it can be seen, in most cases, that more than 80% of the 
scattering is caused by particles less than 4,000 nm in radius, which was concluded in 
Subsection 5.3.5 for the Gippsland Lakes samples. In addition Figure 6.14 and Figure 6.15 
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show that the majority (approximately 95%) of total scattering is due to particles greater than 
600 nm in radius. Comparing Figure 6.11 and Figure 6.12, which show a relatively large 
number of smaller particles (<600 nm), to Figure 6.14 and Figure 6.15, the results show how 
weakly smaller particles contribute to total scattering. Again as mentioned above the 
fractional uncertainty is around 34%. 
Through analysis of the data used in Figure 6.12 and Figure 6.13 the average contribution of 
particles smaller than 220 nm (110 nm in radius) is 0.1% of the total scattering, similar to the 
Gippsland Lakes results. This shows that CDOM and any other particles in the size range, 
which may include viruses; bacteria and colloids, contribute insignificantly to the total 
scattering. In addition, particles greater than 350 nm in radius, which is the size range of 
phytoplankton, contribute around 99.6% of the total scattering. 
 
6.3.3 Particle size contribution to backscattering 
Figure 6.12 and Figure 6.13 show the cumulative contribution to backscattering as a function 
of particle radius, for all particle sizes used under 20,000nm. As in Figure 6.10 and Figure 
6.11 these are per intensity contribution not per number. 
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Figure 6.16 GBR August cruise cumulative contribution to backscattering for particle radii 
smaller than 20,000 nm 
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Figure 6.17 GBR August cruise cumulative contribution to backscattering for particle radii 
smaller than 20,000 nm 
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Figure 6.18 GBR August cruise cumulative contribution to backscattering for particle radii 
smaller than 3,000 nm 
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Figure 6.19 GBR September cruise cumulative contribution to backscattering for particle 
radii smaller than 3,000 nm 
Figure 6.16 to Figure 6.19 illustrate that around 50-70% of the backscattering is from 
particles less than a few nanometres in radius. On average, 59% of the backscattering is 
attributed to particles less than 110 nm in radius which is the same size range as CDOM (and 
other small particles). In comparison with Subsection 6.3.2 where only 0.1% of the total 
scattering was from particles in this size range, this results show how smaller particles 
contribute greater to backscattering than larger particles; also it shows that smaller particles 
may not contribute significantly to the total scattering but contribute significantly to 
backscattering. In addition, on average particles greater than 350 nm in radius contributed 
around 43% to the backscattering. 
Though as mentioned in sections 4.5 and subsection 5.3.3, the existence of particles with 
different refractive indices may contribute, and are not taken into account in this simple 
model.  
 
6.4 POLARISATION RATIO 
Figure 6.20 and Figure 6.21 illustrates the degree of polarisation of each of the samples 
calculated using Equation 2.34.  
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Figure 6.20 GBR August cruise ratio of polarisation 
-1
0
1
0 20 40 60 80 100 120 140 160 180
Angle(degrees)
D
eg
re
e 
of
 P
ol
ar
is
at
io
n
WQN001
WQN003
WQN004
WQN005
WQN006
WQN007
WQN021
WQN022
WQN026
WQN028
WQN032
WQN033
WQN034
 
Figure 6.21 GBR September cruise ratio of polarisation 
From Figure 6.20 and Figure 6.21 it can be seen that the ratio of polarisations of the samples 
has, in general, a small tendency to perpendicular polarisation.  
Note that the errors bars were removed for the same reasons discussed in Section 5.4.  
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6.5 BACKSCATTERING COEFFICIENT FROM A SINGLE ANGLE 
Figure 6.22 and Figure 6.23 show how the conversion factors χ(θ) of each of the samples, 
which is used to calculate bb from a single fixed-angle measurement of the β(θ), using 
Equation 2.45, changes with angle. 
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Figure 6.22 GBR August cruise χ(θ) 
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Figure 6.23 GBR September cruise χ(θ) 
Figure 6.22 and Figure 6.23 display the spread of the χ(θ) values of the Great Barrier Reef 
samples. Figure 6.24 below displays the average of the χ(θ) values (“total” in figure) in 
Figure 6.22 and Figure 6.23 along with those calculated from the particulate backscattering 
coefficient bbp and the particulate volume scattering function βp(θ) (“particulate” in figure). In 
addition these are compared with other total χ(θ) values calculated by Oishi [21] and Chami et 
al [52], along with the particulate χp(θ) values by Boss and Pegau [75] and Chami et al [52], 
including the average χ(θ) for just phytoplankton, again calculated by Chami et al [52] from 
several algal species. 
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Figure 6.24 Comparison between GBR χ(θ)values with other calculated χ(θ) 
Figure 6.24 shows that the particulate and total χ(θ) for the Great Barrier Reef samples have 
very similar curves and are almost indistinguishable. From Figure 6.22 and Figure 6.23 it can 
be seen that the best angle for calculating the bb from a fixed-angle backscattering sensor 
would be between 100◦ and 130◦ where the spread of the χ(θ) values is the least. Figure 6.24 
agrees with this conclusion although the spread of all the separate χ(θ) calculations is 
significantly greater. Table 6.4 shows the χ(θ) values calculated from the average of all those 
in Figure 6.24. 
Table 6.4 Average of different χ(θ) calculations 
Angle(degrees) 90 100 110 120 130 140 150 160 170 
χ(θ) 0.90 1.03 1.12 1.15 1.15 1.09 1.02 0.94 0.71 
Fractional 
Uncertainty 
(%) 
27 18 8.9 9.2 17 20 25 31 16 
 
As for the Gippsland results, Figure 6.22, Figure 6.23 and Figure 6.24 are consistent with 
Oishi [21] and Boss and Pegau [75] who found that the best angle for calculating bb from a 
single angle approximation was between 110◦ and 130◦ with 110◦ giving the smallest 
fractional uncertainty of around 8.9%. For this apparatus and considering just the Great 
Barrier Reef data presented in Figure 6.22, Figure 6.23, Figure 6.24 and Table 6.3 the best 
 100 
angle would be 110◦. There is poor agreement with Maffione and Dana [53] and Chami et al 
[52] who concluded that 140◦ may be the best angle to use. 
 
6.6 CALCULATION OF THE BACKSCATTERING RATIO FROM CHLOROPHYLL 
A CONCENTRATION 
Figure 6.25 below illustrates the change in bb/b with the chlorophyll a concentration Chl of 
the Great Barrier Reef samples measured at the sample locations. The two fits to the data are 
those by Sullivan et al [87] and Twardowski et al [75]. Both use a power law with 
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Figure 6.25 bb/b values calculated from Chlorophyll a concentrations 
Figure 6.25 suggests that the Twardowski et al [75] model for calculating the Chlorophyll a 
concentration from the bb/b is more accurate than the Sullivan et al [87] model since it lies 
within the uncertainties of the laboratory-based calculated bb/bs, although a linear model 
would have been just as accurate. The χ2 value of the Twardowski et al [75] model relative to 
the laboratory-based bb/b values was 16.2 whereas the Sullivan et al model was 24.7. Since 
chlorophyll a is often used in remote sensing to calculate algal biomass, which is a main 
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component in the global carbon cycle, an accurate relationship between the IOPs and the 
chlorophyll a concentration is important. 
In addition it can be seen that the theoretical models more closely resemble the laboratory-
based measured bb/b values than those calculated from in situ measurements which were 
calculated from  fixed-angle sensors (HydroScat-6 and ac-9), assuming 140◦ as the best angle. 
This is consistent with the suggestion that this angle may not be the best to calculate 
backscattering coefficients for these samples. Though the Twardowski et al [75] model has 
been shown that it may fail in Chase II water (Chami et al 2005 [88]) which the majority of 
samples tested in this thesis are assumed to be. 
 
6.7 COMPARISON BETWEEN THE GREAT BARRIER REEF AND THE 
GIPPSLAND LAKES MEASUREMENTS 
6.7.1 Phase and volume scattering functions 
The results of the GBR, GL and Petzold data are summarised in Table 6.5. Table 6.6 shows a 
comparison between the Petzold measurement and the combined GBR and GL measurements.  
Table 6.5 Average (back)scattering coefficients and backscattering ratios of different 
locations including comparison with Petzold’s measurements 
 Average 
Location bb/b 
∆bb/b 
(%) 
b 
(m-1) 
bb 
(m-1) 
∆b 
(%) 
∆bb 
(%) 
χ2 value of 
fit 
GBR 
August 0.015 47 1.186 0.018 11.267 36.048 0.424 
GBR 
September 0.013 39 1.872 0.023 10.172 28.903 0.951 
Gippsland 
Lakes 0.019 50 1.074 0.018 9.699 40.486 0.286 
Petzold 
SDH 0.019  1.537 0.029    
Petzold TO 0.036  0.066 0.002    
Petzold 
SCC 0.014  0.247 0.003    
Average 
GBR + GL 0.016  1.335 0.019    
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Table 6.6 Mean values of scattering coefficients and backscattering ratio including 
percentages where the Petzold measurements are within the uncertainties (∆ Mean) of the all 
the measurements (GL and GBR) 
 bb/b b (m-1) bb (m-1) 
Mean all samples 0.015 1.39 0.020 
∆ Mean (%) 45 10 35 
Percentage where SDH 
within ∆ of all measurements 
68 16 14 
Percentage where TO within 
∆ of all measurements 
3 0 0 
Percentage where SCC 
within ∆ of all measurements 
78 0 5 
From Table 6.5 and Table 6.6, it can be concluded that: 
• the GBR backscattering ratios compare best with Petzold’s Southern Californian coast 
value, whereas the GL values compare best with the San Diego harbour 
measurements. 
• the mean scattering and backscattering coefficients of the GBR measurements 
compare best with the SDH measurements. However the mean b and bb of the GL 
measurements does not compare well with any of Petzold’s measurements. 
• the mean bb/b, b and bb values averaged over all the GBR and GL samples compare 
best with Petzold’s San Diego harbour measurement.  
• there is some agreement between the GL and GBR measurements for the scattering 
and backscattering coefficients. 
These results confirm that the phase function alone does not contain enough information to 
derive the apparent optical properties from the inherent optical properties, and full knowledge 
of the volume scattering function is needed as already mentioned in Sections 5.1 and 6.1. 
 
6.7.2 Angular scattering distribution 
The angular scattering distribution shown in Sections 5.2 and 6.2 show how much forward 
scattering dominates. Table 6.7 helps to illustrate this. 
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Table 6.7 Average fractional contribution to the total scattering as a function of angle from 
all samples (GL and GBR) 
Angle 
(degrees) 
Contribution 
to total 
scattering 
(%) 
Fractional 
uncertainty 
(%) 
0-1.3 10.3 4.1 
0-1.9 19.7 4.3 
0-2.5 30.5 4.3 
0-3 39.6 4.2 
0-3.6 49.9 3.9 
0-4.3 60.0 3.6 
0-5 71.7 2.9 
0-13 90.5 1.0 
0-90 98.5 0.1 
90-180 1.5 0.1 
 
Note that the fractional uncertainties were calculated using Equation 4.7; these are the 
fractional uncertainty in the contributions (i.e. divided by the contribution), not the absolute 
uncertainty. 
From Table 6.7 it is shown that around 1.5% of the total scattering is in is the backward 
hemisphere (90-180◦). This is important for remote sensing of water bodies since the signal 
that is measured is a function of the light scattered in the backward hemisphere. 
 
6.7.3 Particle size contributions to scattering and backscattering 
The average contribution to the total scattering and backscattering, from all the samples, of 
several particle size ranges determined by commonly used filter sizes, is displayed in Table 
6.8. 
Table 6.8 Average contribution to scattering and backscattering as a function of particle size 
from all samples  
Particle size 
range (nm) 
Contribution to 
total scattering (%) 
Contribution to 
backscattering (%) 
0-220 0.13 57.54 
220-400 0.04 0.51 
400-700 0.09 0.68 
700-40,000 99.75 41.26 
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In Table 6.8, the size range 0-220 nm was chosen since this is often used to define CDOM. 
Alternatively 0-400 nm can also be used to define CDOM [1]. 700-40,000 nm was chosen 
since this should account for most common types of phytoplankton.  
From Table 6.8 it can be seen that the choice of using a 400 nm filter pore size, as opposed to 
220 nm makes around 0.9% increase to the backscattering whereas it would add 
approximately 30% to the total scattering. Therefore considering only the backscattering, the 
choice of 400 nm over 220 nm filter size is insignificant. 
The most important conclusion from Table 6.8 is that particles in the size range of 
phytoplankton, which are important for oceanographic studies, contribute the majority to the 
total scattering, but only contribute to around 41% of the backscattering. Alternatively, 
particles in the size range of CDOM contribute less than 1% to the total scattering but 
approximately 58% to the backscattering. 
These results are consistent with Morel and Ahn [89] and Stramski and Kiefer [16] who 
suggested that although a large fraction of the particulate scattering coefficient bp appears to 
be from living cells (mainly phytoplankton and heterogeneous bacteria) only a small fraction 
of the particulate backscattering coefficient bbp can be attributed to plankton, in non-bloom 
conditions [90]. 
 
6.7.4 χ(θ) factor 
Table 6.9 displays the average from several χ(θ) calculations: Great Barrier Reef, Gippsland 
Lakes, Chami et al [52] and Oishi [21], along with the average of the particulate χp(θ) 
calculations: Great Barrier Reef, Gippsland Lakes, Chami et al [52] and Boss and Pegau [75]. 
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Table 6.9 Average χ(θ) and χp(θ) values 
Angle 
(degrees) χ(θ) χp(θ) 
Fractional 
∆ χ(θ) 
Fractional 
∆ χp(θ) 
90 0.95 0.94 25.9 26.1 
100 1.08 1.07 15.8 15.8 
110 1.15 1.14 5.6 7.0 
120 1.14 1.15 7.6 9.3 
130 1.07 1.11 13.0 14.8 
140 1.00 1.04 14.5 16.8 
150 0.91 0.96 13.5 18.1 
160 0.84 0.86 12.0 15.7 
170 0.74 0.69 10.1 9.2 
 
Table 6.9 suggests that 110◦ may be the best angle at which to calculate backscattering 
coefficients from fixed-angle sensors since it has the smallest fractional uncertainty when 
averaging over several different χ(θ) calculations. This is also true for the different χp(θ) 
measurements. In addition, over the range 90◦ and 120◦ the difference between the χ(θ) and 
χp(θ) values are relatively small suggesting that this would be the best range in which to 
calculate either χ(θ) or χp(θ) without having to change the fixed-angle sensor. 
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CHAPTER 7: CONCLUSION AND FUTURE DIRECTIONS 
7.1 CONCLUSIONS 
This thesis presented laboratory-based measurements of volume scattering functions and 
phase functions of samples taken from the Great Barrier Reef and the Gippsland Lakes 
regions. To our knowledge these are the first such measurements to be made in Australian 
natural waters. 
To conduct these measurements a reliable experimental apparatus had to be designed and 
implemented. For this an existing (custom built) static light scattering spectrometer was 
adapted; extending its angular range to cover from 5◦ to 165◦. In addition, a magnetic stirrer 
was used to ensure sedimentation was not an issue during experiments. This required an 
investigation to determine a reasonable speed which kept the particles in the sample from 
settling, whilst minimising the creation of bubbles. This work was presented in Chapter 3. 
As the time between sampling and measurement can be several days, an investigation to 
determine the best way to preserve the samples was conducted. It was found that freezing then 
thawing at the time of experimentation, or simply keeping cool without freezing, did not 
appear to greatly affect the scattering. However there was a significantly large increase in the 
uncertainties when compared with measuring the samples as fresh as possible (within 24 
hours). These results showed that preservation is an option when it is unavoidable, but the 
best results are obtained when the samples are as fresh as possible. This was presented in 
Chapter 3. 
A thorough investigation of the corrections to the experimental raw data needed to achieve 
reliable measurements of the volume scattering function followed in Chapter 4. This was 
necessary to correct for any anomalies in the experimental setup, to optimise the 
measurements for low scattering samples, and to ensure accurate and reproducible results over 
the range 5◦ to 165◦. 
Once all the measurements were made from the Great Barrier Reef and Gippsland Lakes 
samples it was necessary to extrapolate over the full angular range i.e. 0◦-180◦ so that accurate 
calculation of the scattering and backscattering coefficients could be made. As reported in 
Chapter 4, to achieve this, 50 Mie calculations were carried out for homogenous spheres of 
varying particle sizes but constant refractive indices and polydispersities, with radii ranging 
from 1 nm to 35,000 nm. The data were fit by doing a weighted sum of the contributions of 
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the scattering for each particle size, and the weighting was adjusted so that the overall χ2 value 
was minimised. The Mie calculations themselves were very computationally intensive, so the 
number of calculations needed to be minimized. This was achieved by determining how small 
the angular increments needed to be to obtain increment-independent results. It was found that 
an angular increment of 0.1◦ for scattering angles between 0◦ and 5◦, combined with 1◦ 
increments for scattering angles between 5◦ and 180◦, was sufficiently accurate to include the 
fine detail in the scattering behaviour without being overly time consuming. An in-depth 
analysis of the experimental and analytical uncertainties was made which found the average 
fractional uncertainties of the scattering coefficient to be around 10% and 35% for the 
backscattering coefficient.  
The scattering and backscattering coefficient results were reported in Chapters 5 and 6. The 
average scattering coefficient for all samples (Great Barrier Reef and Gippsland Lakes) was 
1.39 m-1, though the range of values was between 1.76 m-1 and 1.03 m-1. The average value is 
close to Petzold’s San Diego harbour scattering coefficient of 1.54 m-1. In addition the 
average backscattering coefficient was 0.020 m-1 (with a range for all measurements of 0.015-
0.025 m-1) which was also close to the San Diego harbour value of 0.029 m-1.  
By contrast if we compare the average backscattering ratio rather than the scattering and 
backscattering coefficients we find that Petzold’s Southern Californian coast value of 0.014 is 
in good agreement with the average of all samples of 0.015. This suggests that the 
backscattering ratio, which is only a function of the relative angular scattering distribution, 
does not contain enough information to differentiate between water types. However the 
scattering and backscattering coefficients, which are functions of the absolute angular 
scattering distribution, contain more information which allows one to distinguish between 
water types. Although care should be taken making conclusions based on comparisons to sites 
with different turbidities. In other words scattering and backscattering coefficients are more 
sensitive to scattering from different water bodies.  
Through analysis of the angular scattering distribution it was found, on average for all the 
samples, that approximately 1.5% of the total scattering is in the backward hemisphere (90◦-
180◦). This is important since it is this relatively very small signal that is used in aquatic 
colour measurements. 
Investigations, in Chapters 5 and 6, of the particle size distribution used in the multi-modal 
Mie fits showed that although only approximately 0.17% of the total scattering is from 
particles less than 400 nm in size, they contribute approximately 58% to the backscattering. 
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This is the size range expected for dissolved organic matter and other small colloids and 
viruses. On the other hand, the size range of phytoplankton, which is one of the most 
important particle types in oceanographic research, contributes almost all of the total 
scattering, approximately 99.75%, but only around 41% of the backscattering. Although as 
mentioned in sections 5.3 and 6.3 this analysis neglects possible contributions due to highly 
refractive particles. 
In Chapters 5 and 6 the polarisation ratios of the scattered light were also investigated. It was 
found that the uncertainties were too great, around the same order of magnitude as the ratios 
themselves, to provide reliable information about the state of polarisation of the scattered light 
from the samples. What can be concluded from the data is that the polarisation of the scattered 
light is largely unchanged.  
In Chapter 6 a brief investigation of the relationship between the backscattering ratio and 
chlorophyll a concentration for the Great Barrier Reef samples was conducted. It was found 
that the results for the two models under investigation, in general, lay within the uncertainties 
of the bb/b values calculated from laboratory-based measurements. In addition, the laboratory-
based bb/b values more closely resembled the models than did the bb/b values calculated from 
in situ fixed-angle sensor measurements. 
The scattering and backscattering coefficients calculated from in situ and laboratory-based 
measurements were compared for each sample. For the scattering coefficients it was found 
that within the uncertainties only 22% of the in situ measurements agreed with the laboratory-
based measurements. By contrast for the backscattering coefficients 56% of the measurements 
were in agreement. The fact that these measurements were not in agreement 100% of the time 
suggests that the method used to calculate the in situ scattering and backscattering coefficients 
from the fixed-angle sensors is not optimal. 
The in situ backscattering coefficients were calculated using HydroScat-6 measurements at a 
fixed angle of 140◦, which was the best angle suggested by Maffione and Dana [53] and 
Chami et al [52]. Through the investigations presented in Chapters 5 and 6 of the χ(θ) and 
χp(θ) factors it was found that the optimal angular range, independent of the sample, was 
between 90◦ and 130◦ with 110◦ being the most favourable angle. This angular range was more 
consistent with Boss and Pegau [75] and Oishi [21] who suggested a best angle of around 
120◦. At 110◦ the average χ(θ) calculated by combining all previous measurements with the 
measurements made here gave a value of 1.15, with a fractional uncertainty of 5.6% whereas 
1.14 was the average for χp(θ) with a fractional uncertainty of 7%. Measurements at 110◦ had 
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the lowest fractional uncertainty for any angle investigated for calculating backscattering 
coefficients from fixed-angle in situ sensors. 
7.2 FUTURE DIRECTIONS 
There are several areas whose further investigation is suggested by the work carried out in this 
thesis. Three in particular are worthy of note: 
 
7.2.1 Improved fitting procedures 
One of the limitations of the procedures used in this thesis is that the extrapolation to the full 
angular range was carried out using arbitrary particle sizes for the Mie fits. While this method 
provides a good extrapolation, it could be improved by having better knowledge of the 
constituents in the water and their scattering properties (size and refractive index). 
Ideally one would create samples for study of various constituents (eg using algal cultures). 
This would enable sufficiently high particle numbers to be able to make measurements using 
a range of techniques (eg environmental or Cryo scanning electron microscopy, dynamic light 
scattering) to determine particle size, as well as doing volume scattering function 
measurements. By determining the scattering properties of the major constituents, and using 
these in the Mie fits, the extrapolations would be even more reliable. 
Another improvement to the fits relates to the fact that only spherical particles are assumed in 
this analysis. In some cases it may be that non-spherical particles are present – in this case the 
use of theoretical models of the volume scattering functions of different geometrical shapes 
would help improve the accuracy of the fits. In addition, the fitting should incorporate a 
broader range of refractive. 
 
7.2.2 Extended time series measurements 
In Chapter 5 we presented a limited time series of measurements from the Gippsland Lakes. A 
major improvement would be to conduct an extended time-series measurement, up to several 
years, of volume scattering functions for particular regions. Such a time series would enable 
the determination of seasonal changes in the optical properties of the waters. By combining 
such studies with remote sensing and in situ measurements it would also enable a 
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determination of the changes in optical properties caused by one-off events such as the effects 
of bushfires, floods and agricultural runoff. 
 
7.2.3 Image inversion  
Finally, it would be important to take the various volume scattering measurements for 
particular locations, and use them in the data inversion of images from the same regions. 
Ultimately this is the aim of this research, and it is to be hoped that the measurements 
presented in this thesis will help to improve the reliability of the quantitative interpretation of 
images of Australian natural waters. 
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APPENDIX 1: RGD APPROXIMATIONS FOR DIFFERENT SHAPES 
Table A.1 below shows the Rayleigh-Gans-Debye algorithms for calculating the phase 
function p(θ) of several different simple geometrical shapes. Taken from: M. Kerker, The 
scattering of light and other electromagnetic radiation. 1969, U.S.A.: Academic Press. 
 
Table A.1 Phase functions for different shapes 
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APPENDIX 2: RGD ALGORITHMS USED FOR CALCULATING 
PHASE FUNCTIONS 
The code below was written by the author in Matlab, each of the programs calculates the 
phase function for a different shape using the refractive index and a characteristic length(s) as 
inputs. These algorithms are based on the equations displayed in Table A.1 in Appendix 1. 
SPHERE 
clear 
clc 
  
radius = 20; 
wavelength = 633; 
n = 1.33; 
InitialAngle = 1; 
FinalAngle = 179;  
AngleIncrement = 1; 
   
counter = 1; 
  
for Angle = InitialAngle:AngleIncrement:FinalAngle 
        Theta = pi*Angle/180; 
        u = 4*pi*n*(1/wavelength)*(radius)*(sin(Theta/2)); 
        p = (9*pi*(1/2)*(1/(u^3)))*((besselj((3/2),u))^2); 
        Intensity = p*((1+((cos(Theta))^2))/2); 
        output_array(counter,1) = Angle; 
        output_array(counter,2) = Intensity; 
        counter = counter +1; 
    end 
 
 
CONCENTRIC SPHERE 
clear 
clc 
 
wavelength = 633; 
n = 1.33; 
InnerRadius = 13.33333333; 
OuterRadius = 20; 
InnerRI = 1.35; 
OuterRI = 1.41; 
InitialAngle = 1; 
FinalAngle = 179; 
AngleIncrement = 1; 
  
counter = 1; 
  
    Angle = 0.001; 
    Theta = pi*Angle/180; 
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    u = (4*pi*n*InnerRadius*(sin(Theta/2)))/wavelength; 
    v = (4*pi*n*OuterRadius*(sin(Theta/2)))/wavelength; 
     
    p1 = (9*pi/2); 
    p2 = (besselj((3/2),v))./(v.^(3/2)); 
    p3 = ((InnerRI-OuterRI)/(OuterRI-1))*((InnerRadius/OuterRadius)^3); 
    p4 = (besselj((3/2),u))./(u.^(3/2)); 
    
 p = p1.*((p2+(p3.*p4)).^2); 
     
    Incident_Intensity = p*((1+((cos(Theta))^2))/2); 
  
for Angle = InitialAngle:AngleIncrement:FinalAngle 
  
    Theta = pi*Angle/180; 
     
    u = (4*pi*n*InnerRadius*(sin(Theta/2)))/wavelength; 
    v = (4*pi*n*OuterRadius*(sin(Theta/2)))/wavelength; 
     
    p1 = (9*pi/2); 
    p2 = (besselj((3/2),v))./(v.^(3/2)); 
    p3 = ((InnerRI-OuterRI)/(OuterRI-1))*((InnerRadius/OuterRadius)^3); 
    p4 = (besselj((3/2),u))./(u.^(3/2)); 
  
    p = p1.*((p2+(p3.*p4)).^2); 
     
    intensity = p*((1+((cos(Theta))^2))/2); 
         
    output_array(counter,1) = Angle; 
    output_array(counter,2) = intensity/Incident_Intensity; 
     
    counter = counter + 1; 
     
end 
 
 
CUBE 
clear 
clc 
  
starttime=clock; 
  
warning off MATLAB:quad:ImproperFcnValue 
warning off MATLAB:divideByZero                                %% warnings turned off 
warning off MATLAB:quad:MinStepSize 
  
global J; 
  
length = 32.23983908; 
wavelength = 633; 
n = 1.33; 
SmallAngle = 0.0001; 
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LargeAngle = 180-SmallAngle; 
InitialAngle = 1; 
FinalAngle = 179;  
AngleIncrement = 1; 
      
 counter =1; 
   
 Theta = SmallAngle*pi/180; 
     
    h = 4*pi*n/wavelength*(sin(Theta/2)); 
  
    J = h*length/2; 
        
    z = @cubeformfactor; 
        
    result = dblquad(z,0,1,0,pi/2); 
     
    P = (2/pi)*result; 
     
    Intensity = P*((1+((cos(Theta))^2))/2); 
  
    output_array(counter,1) = SmallAngle; 
    output_array(counter,2) = Intensity; 
  
counter = 2; 
  
for Angle = InitialAngle:AngleIncrement:FinalAngle 
     
    Theta = Angle*pi/180; 
    h = 4*pi*n/wavelength*(sin(Theta/2)); 
    J = h*length/2; 
    z = @cubeformfactor; 
    result = dblquad(z,0,1,0,pi/2); 
    P = (2/pi)*result; 
     
    Intensity = P*((1+((cos(Theta))^2))/2); 
  
    output_array(counter,1) = Angle; 
    output_array(counter,2) = Intensity; 
    %%output_array(counter,2) = Intensity/IntensityNorm; 
     
    counter = counter + 1; 
     
end 
     
    Theta = LargeAngle*pi/180; 
     
    h = 4*pi*n/wavelength*(sin(Theta/2)); 
    J = h*length/2; 
    z = @cubeformfactor; 
        
    result = dblquad(z,0,1,0,pi/2); 
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    P = (2/pi)*result; 
     
    Intensity = P*((1+((cos(Theta))^2))/2); 
  
    output_array(counter,1) = LargeAngle; 
    output_array(counter,2) = Intensity; 
  
minutes=etime(clock,starttime)/60 
 
 
CYLINDER 
clear 
clc 
  
radius = 15.26285657; 
height = 45.7885697; 
n = 1.33; 
wavelength = 633; 
InitialAngle = 1; 
FinalAngle = 179; 
AngleIncrement = 1; 
  
warning off MATLAB:quad:ImproperFcnValue 
warning off MATLAB:divideByZero                                %% warnings turned off 
warning off MATLAB:quad:MinStepSize 
      
counter = 1; 
    
for Angle = InitialAngle:AngleIncrement:FinalAngle 
  
    Theta = pi*Angle/180; 
     
    h = (4*pi*n*(sin(Theta/2)))/wavelength; 
    u = h*(radius); 
    v = h*((height)/2); 
     
    str_u = num2str(u); 
    str_v = num2str(v); 
       
    Jhalf1 = 'sqrt(2./(pi.*'; 
    Jhalf2 = '.*cos(beta))).*sin('; 
    Jhalf3 = '.*cos(beta))'; 
     
    str_Jhalf = strcat(Jhalf1,str_v,Jhalf2,str_v,Jhalf3); 
     
    Jone1 = '(('; 
    Jone2 = '.*sin(beta))./2) - (1./2).*((('; 
    Jone3 = '.*sin(beta))./2).^3) + (1./12).*((('; 
    Jone4 = '.*sin(beta))./2).^5) - (1./144).*((('; 
    Jone5 = '.*sin(beta))./2).^7) + (1./2880).*((('; 
    Jone6 = '.*sin(beta))./2).^9) - (1./86400).*((('; 
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    Jone7 = '.*sin(beta))./2).^11) + (1./3628800).*((('; 
    Jone8 = '.*sin(beta))./2).^13) - (1./203212800).*((('; 
    Jone9 = '.*sin(beta))./2).^15) + (1./(1.4631*(10^10))).*((('; 
    Jone10 = '.*sin(beta))./2).^17) - (1./(1.31682*(10^12))).*((('; 
    Jone11 = '.*sin(beta))./2).^19) + (1./(1.4485*(10^14))).*((('; 
    Jone12 = '.*sin(beta))./2).^21) - (1./(1.912*(10^16))).*((('; 
    Jone13 = '.*sin(beta))./2).^23)'; 
     
    str_Jone = 
strcat(Jone1,str_u,Jone2,str_u,Jone3,str_u,Jone4,str_u,Jone5,str_u,Jone6,str_u,Jone7,str_u,Jon
e8,str_u,Jone9,str_u,Jone10,str_u,Jone11,str_u,Jone12,str_u,Jone13); 
     
    P1 = '((pi./(2.*'; 
    P2 = '.*cos(beta))).*(('; 
    P3 = '.*2.*'; 
    P4 = ')./('; 
    P5 = '.*sin(beta))).^2)'; 
      
    str_P = strcat(P1,str_v,P2,str_Jhalf,P3,str_Jone,P4,str_u,P5); 
    
    str_int = strcat(str_P, '.*(sin(beta))'); 
          
    result = quad(str_int,0,(pi/2)); 
    
    Intensity = result*((1+((cos(Theta))^2))/2); 
     
    output_array(counter,1) = Angle; 
    output_array(counter,2) = Intensity; 
    
    counter = counter + 1; 
    
   end 
 
 
 
CHAIN OF SPHERES 
clear 
clc 
 radius = 15.87401052; 
n = 1.33; 
ns = 2; 
wavelength = 633; 
InitialAngle = 1; 
FinalAngle = 179; 
AngleIncrement = 1; 
  
    Angle = 0.001; 
    Theta = pi*Angle/180; 
     
    h = (4*pi*n*(sin(Theta/2)))/wavelength; 
     
    u = h*radius; 
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    series_array(1) = ns/2; 
     
    counter2 = 2; 
     
    if ns > 1 
     
    for i = 1:1:ns-1 
         
        series = (ns-1)*((sin(2*i*u))/(2*i*u)); 
         
        series_array(counter2) = series; 
        
        counter2 = counter2+1; 
         
    end 
     
    sum_series = sum(series_array);   
         
    end 
     
    sum_series = sum(series_array); 
        
    p = (9*pi*(1/(u^3))*((bessel((3/2),u))^2))*(sum_series); 
     
    Intensity = p*((1+((cos(Theta))^2))/2); 
     
    Incident_Intensity = Intensity; 
      
counter = 1; 
    
for Angle = InitialAngle:AngleIncrement:FinalAngle 
  
    Theta = pi*Angle/180; 
     
    h = (4*pi*n*(sin(Theta/2)))/wavelength; 
     
    u = h*radius; 
     
    series_array(1) = ns/2; 
     
    counter2 = 2; 
     
    if ns > 1 
     
    for i = 1:1:ns-1 
         
        series = (ns-1)*((sin(2*i*u))/(2*i*u)); 
         
        series_array(counter2) = series; 
        
        counter2 = counter2+1; 
 127 
         
    end 
     
    sum_series = sum(series_array);   
         
    end 
     
    sum_series = sum(series_array); 
        
    p = (9*pi*(1/(u^3))*((bessel((3/2),u))^2))*(sum_series); 
     
    Intensity = p*((1+((cos(Theta))^2))/2); 
     
    output_array(counter,1) = Angle; 
    output_array(counter,2) = Intensity/Incident_Intensity; 
    
    counter = counter + 1; 
    
end 
 
 
THIN DISK 
clear 
clc 
  
starttime=clock; 
  
wavelength = 633; 
n = 1.33; 
radius = 20; 
InitialAngle = 1; 
FinalAngle = 179; 
AngleIncrement = 1; 
  
counter = 1; 
  
for Angle = InitialAngle:AngleIncrement:FinalAngle 
  
    Theta = pi*Angle/180; 
     
    u = (4*pi*n*radius*(sin(Theta/2)))/wavelength; 
     
    k = 2*u; 
     
    J1 = besselj(1,k); 
     
    p = (2/u^2)*(1-(1/u)*J1); 
   
    intensity = p*((1+((cos(Theta))^2))/2); 
     
    output_array(counter,1) = Angle; 
    output_array(counter,2) = intensity; 
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    counter = counter + 1; 
     
end 
  
minutes=etime(clock,starttime)/60 
 
 
RANDOM COIL 
clear 
clc 
  
starttime=clock; 
  
wavelength = 633; 
n = 1.33; 
EndToEndDistance = 20; 
InitialAngle = 1; 
FinalAngle = 179; 
AngleIncrement = 1; 
  
counter = 1; 
  
for Angle = InitialAngle:AngleIncrement:FinalAngle 
  
    Theta = pi*Angle/180; 
     
    h = (4*pi*n*(sin(Theta/2)))/wavelength; 
     
    w = ((h^2)*(EndToEndDistance^2)); 
         
    p = (2/(w^2))*((exp(-w))+w-1); 
   
    intensity = p*((1+((cos(Theta))^2))/2); 
     
    output_array(counter,1) = Angle; 
    output_array(counter,2) = intensity; 
     
    counter = counter + 1; 
     
end 
  
minutes=etime(clock,starttime)/60 
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APPENDIX 3: APPARATUS AUTOMATION PROGRAM 
The code below was used to drive the goniometer arm and collect the data, used in to derive 
the volume scattering functions and phase functions presented in Chapters 5 and 6. This code 
was written by the author in Matlab. The details are discussed in Chapter 3. 
 
parport = digitalio('parallel','LPT1'); 
addline(parport,0:2,'out');             %% stepper motor  
bitvalue = 0; 
pausetime = 0.01; 
  
NumOfMeas = 10;          %% number of measurements that the CT2 does at one time, do not 
excede 10 
TotalNumOfMeas = input('number of measurments at each angle (must be multiple of 10) = 
');     %% total number of measruements 
Time = 1;                %% time of each measurement in seconds 
InitialAngle = input('initial angle (in degrees) = ');        %% initial angle 
FinalAngle = input('final angle (in degrees) = ');        %% final angle 
AngleIncrement = input('angle increment (in degrees) = ');      %% angle increment 
if InitialAngle > FinalAngle 
    AngleIncrement = AngleIncrement*-1; 
    bitvalue = bitvalue+1; 
end 
stepnumber = (sqrt(AngleIncrement^2))*120; 
RootFilename = input('root filename = ','s');       %% filename to save data to 
WorkingDirectory = strcat('C:\Terry\pHD project\MatLab\',RootFilename);     %% directory 
where the filename is saved 
cd(WorkingDirectory); 
  
fclose(instrfind)  %%comment these out the first time the program is run 
delete(instrfind) 
  
s = serial('COM2'); 
fopen(s) 
for Angle = InitialAngle:AngleIncrement:FinalAngle 
    disp(' '); 
    disp(strcat('angle: ',int2str(Angle),'degrees')); 
    disp('taking measurements...'); 
for d = 1:(TotalNumOfMeas/NumOfMeas) 
    if d == 1  
    c = 1; 
    else 
    c = ((d-1)*NumOfMeas)+1; 
    end; 
fwrite(s,['P',(Time*100),char(13), char(10),'R',NumOfMeas,char(13), char(10),'S', char(13), 
char(10)] ,'uchar'); 
pause(1); 
message = fread(s,(4*NumOfMeas)+4,'uchar'); 
pause(2); 
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for jj = 5:4:length(message) 
    valuearray(c) = (message(jj)*2^24) +  (message(jj+1)*2^16) + (message(jj+2)*2^8) + 
(message(jj+3)); 
    c = c+1; 
    filename = strcat(RootFilename,'_',int2str(Angle),'degrees.txt'); 
    csvwrite(filename,valuearray) 
     
end 
end 
if Angle == FinalAngle 
else 
    disp('moving goniometer arm...'); 
for m = 1:stepnumber 
putvalue(parport,bitvalue); 
pause(pausetime); 
putvalue(parport,bitvalue+1); 
pause(pausetime); 
end 
end 
end 
  
AngleIncrement = sqrt((FinalAngle - 45)^2); 
stepnumber = AngleIncrement*120; 
  
if FinalAngle < 45 
    bitvalue = 0; 
else 
    bitvalue = 1; 
end 
disp('moving goniometer arm...'); 
for m = 1:stepnumber 
putvalue(parport,bitvalue); 
pause(pausetime); 
putvalue(parport,bitvalue+1); 
pause(pausetime); 
end 
  
Angle = 45; 
disp(' '); 
disp(strcat('angle: ',int2str(Angle),'degrees')); 
disp('taking measurements...'); 
for d = 1:(TotalNumOfMeas/NumOfMeas) 
    if d == 1  
    c = 1; 
    else 
    c = ((d-1)*NumOfMeas)+1; 
    end; 
fwrite(s,['P',(Time*100),char(13), char(10),'R',NumOfMeas,char(13), char(10),'S', char(13), 
char(10)] ,'uchar'); 
pause(1); 
message = fread(s,(4*NumOfMeas)+4,'uchar'); 
pause(2); 
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for jj = 5:4:length(message) 
    valuearray(c) = (message(jj)*2^24) +  (message(jj+1)*2^16) + (message(jj+2)*2^8) + 
(message(jj+3)); 
    c = c+1; 
    filename = strcat(RootFilename,'_2_',int2str(Angle),'degrees.txt'); 
    csvwrite(filename,valuearray) 
     
end 
end 
  
disp(' '); 
disp('run finished'); 
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APPENDIX 4: CALCULATION OF ACCEPTANCE ANGLE PROGRAM 
 
The code below was used to calculate the angular range of acceptance used to correct for the 
change in scattering volume viewed by the detector which changes with angle. The program 
was written in Matlab by the author, details of which are discussed in Chapter 4 Subsection 
4.1.3. 
 
clear 
clc 
  
Pinhole1 = input('diameter of pinhole at detector in mm = '); 
Pinhole2 = input('diameter of second pinhole in mm = ');  
Distance1 = input('distance between pinholes in mm = ');  
Distance2 = input('distance between 2nd pinhole and vat wall in mm = ');  
Width1 = input('diameter of vat in mm = '); 
Width2 = input('sample cell diamter in mm = ');  
RefractiveIndex1 = 1; %% refractive of air 
RefractiveIndex2 = 1.478; %% refractive index of glass/decalin 
RefractiveIndex3 = 1.33; %% refractive index of water 
  
RiseOverRun = ((Pinhole2 - Pinhole1)/2)/Distance1; 
TotalDistance1 = (((Pinhole1)/2)/RiseOverRun) + Distance1; 
Angle1 = atan((Pinhole2/2)/TotalDistance1);  %% angle between 1st and 2nd pinholes 
OverallDistance = TotalDistance1 + Distance2 + (Width1/2);  %% overall distance to vat 
centre 
  
Angle2 = pi - (asin(((sin(Angle1))/25)*OverallDistance)) ; 
Angle3 = pi - Angle1 - Angle2;  %% angle between vat centre and max angle of projection 
onto vat wall 
Height = 25*(sin(Angle3));  %% height of projection at max angle of projection 
Angle4 = Angle3 + Angle1;  %% angle of projection relative to normal of the vat wall 
Angle5 = asin((RefractiveIndex1/RefractiveIndex2)*(sin(Angle4))); %% Snell's law to find 
angle in vat 
Angle6 = Angle5 - Angle3; %% angle in vat relative to centre of projection 
  
TotalOpticalLength = Height/(tan(Angle6*-1)); %% width if angle6 extended to zero 
WidthInVat = sqrt(((Width1/2)^2) - (Height^2)); %% width of projection in vat 
DistanceToCell = WidthInVat - (Width2/2); %% width of projection in vat to cell wall 
ImaginaryOpticalLength = TotalOpticalLength - WidthInVat; %% width of projection past 
cell wall 
  
AlphaAngle = asin((ImaginaryOpticalLength*(sin(Angle6*-1)))/(Width2/2));  
BetaAngle = pi - (AlphaAngle + (Angle6*-1));               %%angles for Pythagoras' theorem 
for triangle in vat 
  
Angle7 = pi - BetaAngle; %% angle between cell centre and cell wall 
Height2 = (Width2/2)*(sin(Angle7)); %% heigth of projection at cell wall 
WidthInCell = (Width2/2)*(cos(Angle7)); %% width of projection in cell 
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Angle8 = Angle7 - (Angle6*-1); %% angle of projection relative to normal of the cell wall 
Angle9 = asin((RefractiveIndex2/RefractiveIndex3)*(sin(Angle8))); %% Snell's law to find 
angle in cell 
Angle10 = Angle9 - Angle7; %% angle in cell relative to centre of projection 
  
Height3 = (Height2 - (WidthInCell*(tan(Angle10*-1))))*2; %% total height of projection at 
beam 
AngleOfAcceptance = (asin(Height3/Width2))*(180/pi); %% angle at which the sine 
correction is not valid 
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APPENDIX 5: DATA CORRECTIONS PROGRAM 
 
The code below was used to apply all the data corrections discussed in Chapter 4, Section 4.1, 
details of which are discussed therein. This program was written by the author in Matlab. 
 
clear 
clc 
  
root_filename = input('root filename = ','s'); 
initial_angle = input('initial angle (in degrees) = '); 
final_angle = input('final angle (in degrees) = ');         %% user inputs to determine sample 
and angular range 
increment_angle = input('angle increment (in degrees) = '); 
number_std.dev = input('number of standard deviations for dust rejection (must not = 0) = '); 
  
Darkcount = 6.9767; 
Darkcount_uncertainty = 0.3759; 
Darkcount_StdDev = 2.677; 
acceptance_angle = 22.992; 
reflection_correction = 0.018443174; 
  
apparatus_function = [textread('Gippsland2_apparatusfunction_V5.txt','%f')]; 
     
counter = 1; 
  
for angle = initial_angle:increment_angle:final_angle; 
    filename_string = strcat(root_filename,'_perpendicular_',int2str(angle),'degrees.txt'); 
  
    if angle < acceptance_angle 
        Theta = pi*acceptance_angle/180; 
    elseif angle > 180 - acceptance_angle 
        Theta = pi*acceptance_angle/180; 
    else 
        Theta = pi*angle/180; 
    end 
     
    value_array = [csvread(filename_string)]; 
    corrected_value_array = (value_array - Darkcount)*sin(Theta); 
    corrected_average_value = mean(corrected_value_array); 
    standard_deviation = std(corrected_value_array); 
           
    rejected_numbers_array = corrected_value_array < corrected_average_value + 
(standard_deviation*number_std.dev); 
    data_array = corrected_value_array(rejected_numbers_array); 
    rejected_numbers =(size(value_array,1)) - (size(data_array,1)); 
    average_array(counter) = mean(data_array); 
     
    output_array(counter,1) = angle; 
  
    output_array(counter,3) = ((std(data_array))/(sqrt((size(data_array,1))-
1)))/(apparatus_function(counter)); 
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    output_array(counter,4) = (std(data_array))/(apparatus_function(counter)); 
     
    counter = counter + 1; 
  
end 
  
counter2 = ((final_angle - initial_angle)/increment_angle) + 1; 
  
for i = 1:1:((final_angle - initial_angle)/increment_angle) + 1 
        
    angle2 = i*5; 
     
    if i < 3  
         
        output_array(i,2) = (average_array(i))/(apparatus_function(i)); 
         
    else 
  
        output_array(i,2) = (average_array(i) - 
reflection_correction*(average_array(counter2)))/(apparatus_function(i)); 
         
        counter2 = counter2 - 1; 
    end 
end 
  
counter = 1; 
  
for angle = initial_angle:increment_angle:final_angle; 
    filename_string = strcat(root_filename,'_parallel_',int2str(angle),'degrees.txt'); 
          
    if angle < acceptance_angle 
        Theta = pi*acceptance_angle/180; 
    elseif angle > 180 - acceptance_angle 
        Theta = pi*acceptance_angle/180; 
    else 
        Theta = pi*angle/180; 
    end 
     
    value_array = [csvread(filename_string)]; 
    corrected_value_array = (value_array - Darkcount)*sin(Theta); 
    corrected_average_value = mean(corrected_value_array); 
    standard_deviation = std(corrected_value_array); 
     
    rejected_numbers_array = corrected_value_array < corrected_average_value + 
(standard_deviation*number_std.dev); 
    data_array = corrected_value_array(rejected_numbers_array); 
    rejected_numbers =(size(value_array,1)) - (size(data_array,1)); 
    average_array(counter) = mean(data_array); 
     
    output_array(counter,6) = ((std(data_array))/(sqrt((size(data_array,1))-
1)))/(apparatus_function(counter)); 
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    output_array(counter,7) = (std(data_array))/(apparatus_function(counter)); 
        
    counter = counter + 1; 
  
end 
  
counter2 = ((final_angle - initial_angle)/increment_angle) + 1; 
  
for i = 1:1:((final_angle - initial_angle)/increment_angle) + 1 
        
    angle2 = i*5; 
     
    if i < 3  
         
        output_array(i,5) = (average_array(i))/(apparatus_function(i)); 
         
    else 
  
        output_array(i,5) = (average_array(i) - 
reflection_correction*(average_array(counter2)))/(apparatus_function(i)); 
         
        counter2 = counter2 - 1; 
    end 
end 
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APPENDIX 6: WATER PARTICLE PROPERTIES 
Table A.6 below presents the average radius, length, refractive index and shape of 30 different 
types of marine particles the majority of which (except those with silt in the particle name) are 
species of phytoplankton.  
Table A.6 Properties of particles 
Particle Shape Refractive index Radius (nm) Length (nm) 
Anabaena flos aquae Cylindrical 1.03 2300 ± 300 6600 ± 1200 
Astrionella Formosa Star-shaped 1.03 1500 ± 250 40000 ± 4000 
Chaetoceros calcitrans   1820 ± 220  
Chaetoceros wighmii   3810 ± 220  
Emiliania huxleyi, 
with coccoliths 
Spherical  1250 - 1800  
Emiliania huxleyi, 
without coccoliths 
Spherical  1250 - 1800  
Heterosigma akashiwo   4940 ± 1060  
Isochrysis galbana   4560 ± 1030  
Karlodinium micrum   4150 ± 1610  
Karenia mikimotoi   10300 ± 1740  
Melosira granulate Cylindrical 1.02 1500 ± 100 30000 ± 300 
Microcystis ridii, without 
gasvasuoles 
Spherical  2500 ± 1500  
Microcystis ridii, with 
gasvasuoles 
Spherical  3300 ± 1750  
Microcystis species, with 
gasvasuoles 
Spherical 1.00 1800 ± 500  
Nitzschia longissima   2770 ± 1610  
Nodularia Cylindrical  2400 ± 50 6600 ± 300 
Oscillatoria agardhii Cylindrical 1.04 1500 2850 
Oscillatoria amoena Cylindrical 1.06 2750 ± 200 2850 
Phaeocystis Spherical 1.04 4000 ± 3500  
Phaeodactylum Box-shaped 1.04 7500 ± 6000  
Phaeodactylum tricornutum   1960 ± 3300  
Protoceratium reticulatum   12100 ± 1620  
Prochlorothrix hollandica Cylindrical 1.23 334  
Skeletonema costatum   3240 ± 1340  
Selenastrum capricornutum Bi-conical 1.23 6500 ± 300 4000 ± 900 
Synechococcus sp.   850  
Tetraselmis sp.   4640 ± 1030  
Thalassiosira 
nordenskioeldii 
  4310 ± 1010  
Volvox aureus Spherical 1.23 8000 ± 5500  
Westerschelde silt type 1 Irregular 1.10 1500 - 2500  
Westerschelde silt type 2 Irregular 1.10 2500 - 6000  
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In Table A.6 the particles presented with shape and refractive index were taken from: H. 
Volten et al., Laboratory measurements of the angular distribution of light scattered by 
phytoplankton and silt. Limnology and Oceanography, 1998. 43(6): p. 1180-1197. 
The remainder were taken from: E. Marken, A bio-optical model for Norwegian coastal 
waters. Ph.D. thesis in Physics and Technology. 2005, University of Bergen, with the 
exception of the Nodularia measurements which were taken from the average in: J. Lehtimäki 
et al., Characterization of Nodularia strains, cyanobacteria from brackish waters, by 
genotypic and phenotypic methods. International Journal of Systematic and Evolutionary 
Microbiology, 2000. 50: p. 1043-1053. 
 
 
 
 
 
 
